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Constraining the evolution of continents, and the tectonic plates they reside upon, enables geo-
scientists to understand phenomena such as mantle dynamics, mineral and energy resource 
distribution, faunal evolution, and climate development. Thus, there is an underlying necessity 
to have rigorous palaeogeographic models that constrain plate reconfiguration and interaction 
throughout earth history. The Congo Craton encompasses present-day central Africa, and is 
comprised of Archean crustal blocks and Proterozoic orogens. The southern margin of this cra-
ton acted as a plate boundary from the Palaeoproterozoic to present. However, the evolution of 
this margin remains largely enigmatic. This thesis interrogates the tectonic evolution Southern 
Irumide Belt (SIB), a predominantly Mesoproterozoic orogen located along the southern Congo 
margin, which serves as a vital proxy for understanding the evolution of the Congo Craton.
U–Pb dating of detrital zircons from metasedimentary rocks within the Zambian terranes of 
the SIB identifies Palaeoproterozoic to Mesoproterozoic age populations that are equivalent to 
those preserved in the Muva Supergroup, found in the Irumide Belt (sensu stricto) of the Congo 
Craton. This depositional connection between the SIB and Congo Craton prior to the late-Mes-
oproterozoic is supportive of a tectonic model where the SIB formed on the southern Congo 
margin. Neoproterozoic sedimentary rocks identified in the Nyimba–Sinda Terrane highlight 
subsequent extension in the region that is likely a response to rifting. Full-plate topological 
models suggest that this rifting was a southern extension of the spreading that separated Aus-
tralia from Laurentia during Rodinia break-up. An isotopic and geochronological investigation 
of intrusions throughout this region suggest that the SIB formed on an isotopically evolved 
Palaeoproterozoic basement. This is equivalent to basement in the neighbouring Irumide Belt, 
and further supports the SIB forming on the southern Congo margin. During the late stages of 
Gondwana amalgamation, the Congo Craton collided with the Kalahari Craton to form cen-
tral Gondwana, generating tectono-metamorphic overprints that are displayed in the rocks of 
the Southern Irumide and Zambezi belts. These overprints record amphibolite to granulite fa-
cies mineral assemblages, and include more exotic, high-pressure ‘whiteschist’ assemblages. An 
activity-composition model was created for yoderite, a key mineral in whiteschists, for use with 
the pressure–temperature (P–T) modelling software THERMOCALC. Using this model, P–T 
diagrams were calculated for both a retrogressed whiteschist and metapelite from the region, to 
constrain the features of the Gondwana forming collision. A thermal gradient of 30–90 °C/kbar 
was calculated for the whiteschist, consistent with those calculated for peak metamorphism, 
whereas a gradient of  70–165 °C/kbar was calculated for the metapelite. The different thermal 
gradients relate to different aspects of the collision. Where the amphibolite facies rocks formed 
in a compressional setting proximal to the southern Congo margin, the whiteschists instead 
formed directly at the site of continental collision, marking the suture zone between the Congo 
and Kalahari Cratons. U–Pb apatite and 40Ar–39Ar muscovite data reveal high-temperature cool-
ing ages spanning the late-Neoproterozoic to Cambrian, relating to cooling after Congo–Kala-
hari collision. Apatite fission track dating identifies periods of low-temperature cooling during 
the Carboniferous, Triassic, and Cretaceous, with thermal modelling identifying rapid Ceno-
zoic cooling. These periods are interpreted to relate to periods of exhumation in central Africa, 
which occurred in response to the wider-scale tectonic processes of Karoo rift basin formation, 
Gondwana break-up, and the development of the East African Rift System (EARS).
These studies provide a framework for understanding the evolution of the Southern Irumide 
Belt. As a proxy for the evolution of the southern Congo margin, this work serves to constrain 
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INTRODUCTION
The onset of plate tectonics has seen constant 
evolution and interaction between the Earth’s 
continents. The importance of these interac-
tions cannot be understated as they are in-
trinsically linked to, and thus hold vital im-
plications for, the development of the greater 
Earth system (Collins and Pisarevsky, 2005; 
Merdith et al., 2017; 2019). By understanding 
the evolution of tectonic plates, and the con-
tinents residing on them, geoscientists can 
further understand changes in mantle dynam-
ics (e.g. Tackley, 2000), mineral and energy 
resource distribution (e.g. Barley and Groves, 
1992), faunal diversity and evolution (e.g. Hal-
verson et al., 2009), and development of the 
climate (e.g. Hoffman et al., 1998). In recent 
years, the ability to reconstruct (and thereby 
understand) the interactions of tectonic plates 
has evolved beyond simply interpreting rela-
tive motions of discrete continental blocks 
to full plate topological models, which force 
palaeogeographic interpretations to account 
for global plate boundary interactions. These 
advances underline the importance of under-
standing the evolution of plate boundaries 
through time, as they control the development 
and preservation of passive margins, island 
arcs, and orogens that provide a record of con-
tinental evolution (Merdith et al., 2017). Thus, 
the systematic interrogation of the evolution 
of Earth’s plate margins is a necessary step in 
producing rigorous palaeogeographic mod-
els, which in turn can greatly improve our un-
derstanding of wider Earth system processes 
(Merdith et al. 2019). 
The Congo Craton comprises a series of Ar-
chaean crustal blocks and Proterozoic orogens 
that form present-day central Africa, with 
the southern margin of this craton providing 
a vital, yet currently underutilised, record of 
plate margin evolution that spans from the 
Palaeoproterozoic to present. Understanding 
the evolution of this margin is crucial for re-
solving palaeogeographic problems occurring 
across the last one and a half billion years of 
Earth evolution, foremost of which are: the 
position of the Congo Craton in Rodinia (in-
cluding whether it even formed part of the 
supercontinent; De Waele et al., 2008; Kröner 
and Cordani, 2003), the contrasting Neopro-
terozoic development of the southern Congo 
margin, the dynamics of collision between 
the Congo and Kalahari (forming present-day 
southern Africa) cratons in the late stages of 
Gondwana amalgamation, and the subsequent 
thermal evolution and possible reactivation of 
this relict margin throughout the Phanerozoic. 
This research revolves around three main foci 
that seek, at least in part, to resolve the main 
questions regarding the evolution of the Congo 
Craton from the Mesoproterozoic to present. 
First, to determine the extent and evolution 
of the southern Congo margin throughout 
the Mesoproterozoic: opposing hypotheses 
exist for the origin of large swathes of Meso-
proterozoic crust located along the (present-
day) south-east margin of the Congo Craton 
and whether or not this crust accreted to, or 
formed along the craton’s margin (Bingen et 
al., 2009; Johnson et al., 2006; Johnson et al., 
2007b). Second, to constrain the Neoprotero-
zoic evolution of the southern Congo Margin: 
Does the geological record of this region sup-
port current palaeogeographic interpretations 
for the Congo Craton during the Neoprotero-
zoic (Merdith et al., 2017), and what does the 
metamorphic overprint of this margin imply 
for the Gondwana forming collision between 
the Congo and Kalahari cratons. Third, to con-
strain the Phanerozoic thermal evolution of 
central Africa, following suturing between the 
Congo and Kalahari cratons along the south-
ern Congo margin: What implications do the 
high-temperature thermal evolution of the 
southern Congo margin hold for Gondwana 
amalgamation, and what (if any) wider scale 
tectonic processes are recorded by the regions 
low-temperature thermal evolution. These foci 
contribute to understanding the evolution of 
the Congo Craton’s southern plate margin, 
which is a vital step in constructing the rigor-
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ous full-plate, global palaeogeographic models 
needed to understand the interplay between 




The Congo Craton is a term used by De Waele 
et al. (2008) to describe the amalgamated cen-
tral African landmass at the time of Gondwana 
assembly, and by this time was comprised of 
several Archaean to Palaeoproterozoic cratons 
and Palaeoproterozoic to Mesoproterozoic 
orogens (Fig. 1). Along the southern margin 
of the Congo Craton, these units include the 
Palaeoproterozoic Ubendian–Usagaran oro-
gen that records the amalgamation of the Ar-
chean to Palaeoproterozoic Bangweulu Block 
and Archean Tanzanian Craton. Also along 
this margin is the Mesoproterozoic Irumide 
Belt, which was interpreted by De Waele et al. 
(2006b) to act as the boundary of the Bang-
weulu Block and wider Congo Craton during 
the Mesoproterozoic. The Irumide Belt is con-
sidered to be separate and distinct from the 
adjacent Southern Irumide Belt on the basis 
of differing lithologies and overprints in either 
Figure 1. Simplified tectonic map of central Africa adapted from Alessio et al. (2018) following Hanson (2003) and 
Karmakar and Schenk (2016). The extent of the Congo and Kalahari cratons are denoted by the black dashed lines. 
Abbreviations: ANG, Angola Block; BB, Bangweulu Block; CKB, Choma-Kalomo Block; CD, Cabo Delgado Nappe 
Complex; IB, Irumide Belt; K, Kimezian; KB, Kibaran Belt; KC, Kunene Complex; KhB, Kheis Belt; LB, Limpopo 
Belt; MB, Magondi Belt; MozB, Mozambique Belt; OI, Okwa Inlier; RT, Richtersveld Terrane; SIB, Southern Iru-
mide Belt; UbB, Ubendian Belt;  UsB, Usagaran Belt; WCB, West Congo Belt; ZB, Zambezi Belt.
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belt, in addition to the contrasting timing of 
magmatic and metamorphic events recorded 
therein (Johnson et al., 2006; Johnson et al., 
2007b) and structural discontinuity between 
the orogens (Sarafian et al., 2018). Forming 
along the southern margin as a result of the 
late-Neoproterozoic collision between the 
Congo and Kalahari cratons were the Neopro-
terozoic Damara, Lufillian, and Zambezi oro-
gens. These orogens are collectively referred to 
as the Damara–Lufilian–Zambezi orogen that 
marks the suture zone between the cratons 
(Hanson et al., 1994; Hutchins and Reeves, 
1980; Johnson et al., 2007a; Kampunzu and 
Cailteux, 1999; Mazac, 1974).
The various orogens located along, or near, 
the southern Congo margin provide a record 
of the evolution of this plate margin from the 
Proterozoic to present. The Ubendian–Usaga-
ran orogen is interpreted to have been a long 
lived active margin (c. 2050–1800 Ma) along 
the southern margin of the Tanzanian Craton, 
before its collision with the Bangweulu Block 
(Boniface et al., 2012; Collins et al., 2004; Tu-
libonywa et al., 2015). The geological record 
preserved in the southern Congo Craton sug-
gests relative tectonic quiescence in this region 
following the amalgamation of these blocks, 
lasting until the late-Mesoproterozoic when 
magmatism and metamorphism are recorded 
in the Irumide and Southern Irumide belts 
(De Waele et al., 2006a; Johnson et al., 2006). 
The Irumide Belt (sensu stricto) is suggested to 
have resided along the southern margin of the 
Congo Craton, acting as an accretionary oro-
gen that was open to an ocean to the present-
day south-east (De Waele et al., 2006b; John-
son et al., 2005). Major orogenesis is suggested 
to have occurred at c. 1020 Ma, during which 
peak metamorphism and widespread granitic 
magmatism took place. These interpretations 
suggest that the Southern Irumide Belt (SIB) 
formed separately to the Irumide Belt (sensu 
strictio), with Johnson et al. (2007b) interpret-
ing that the continental-margin-arc terranes 
found within this belt formed on a micro-
continent during the late-Mesoproterozoic (c. 
1095–1040 Ma). The magmatism recorded in 
the SIB is suggested to have ceased upon col-
lision with the southern Congo margin, which 
initiated the magmatism and metamorphism 
recorded in the Irumide Belt (Johnson et al., 
2007b; Karmakar and Schenk, 2016). Alterna-
tively, Bingen et al. (2009) offer the compet-
ing hypothesis that the SIB could have instead 
acted as the long-lived active margin of the 
southern Congo Craton prior to these orogen-
ic events, with any discrepancy in the timing 
of magmatism and metamorphism relating to 
foreland propagation between c. 1020–1005 
Ma. Elucidating the true relationship between 
the SIB and southern Congo margin during 
the Mesoproterozoic is hampered by the per-
vasive Neoproterozoic overprint recorded in 
the SIB, which formed as a result of collision 
between the Congo and Kalahari cratons dur-
ing the late stages of Gondwana amalgamation 
(Johnson et al., 2006). This collision resulted 
in the suturing of the cratons, which is marked 
by the Damara–Lufilian–Zambezi origin that 
runs throughout central Africa (Fig. 1). Fol-
lowing collision, the Congo and Kalahari cra-
tons have remained sutured throughout the 
Phanerozoic, though large sections of this rel-
ict margin have been reactivated during this 
period and nearby regions record a number 
of low-temperature thermal events. Permi-
an–Triassic ‘Karoo’ basins can be found along 
the Congo–Kalahari cratons and throughout 
central Africa (Catuneanu et al., 2005), and 
multiple low-temperature thermal events are 
recorded throughout this region during the 
Phanerozoic (e.g. Hurai et al., 2017; Kasanzu 
et al., 2016; Mackintosh et al., 2017).
This thesis largely investigates the tectonic 
evolution of the Southern Irumide Belt, which 
serves as a vital proxy for understanding the 
plate margin evolution of the southern Congo 
Craton. The SIB spans a wide portion of the 
Congo Craton’s southern margin, and is de-
fined as a series of terranes extending from 
southern Zambia to Malawi, Mozambique and 
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Tanzania (Bingen et al., 2009; Hauzenberger 
et al., 2014; Johnson et al., 2006; Thomas et 
al., 2014; Westerhof et al., 2008) that provide 
a geological record spanning from c. 2000 Ma 
to present. The rocks within this belt can be 
used to determine the extent of the Congo 
margin prior to the late-Mesoproterozoic, and 
whether the SIB represents part of an accreted 
microcontinent or long lived active margin. 
The belt preserves sediments and volcanics 
that formed throughout the Neoproterozoic 
and can be used to test hypotheses regarding 
the tectonic geography of the Congo Craton 
during this time (Merdith et al., 2017). The 
pervasive tectono-metamorphic overprint re-
corded throughout the SIB provides a com-
plementary record to that of the Damara–
Lufilian–Zambezi orogen, and can be used 
to understand and constrain the Gondwana 
forming collision between the Congo and 
Kalahari cratons. Furthermore, the SIB has a 
near unconstrained Phanerozoic thermal his-
tory, while being located adjacent to regions 
that record thermal overprints relating to key 
tectonic events occurring throughout central 
Africa, including Karoo rift basin formation, 
Gondwana breakup, and the development of 
the East African Rift System (Fernandes et 
al., 2015; Hurai et al., 2017; Kasanzu, 2017; 
Kasanzu et al., 2016; Mackintosh et al., 2017). 
As such, understanding the evolution of this 
belt has the potential to radically improve our 
understanding of the evolution of the Congo 
Craton through a vast portion of Earth history.
In Zambia, the SIB is comprised of four struc-
turally imbricated terranes (Johnson et al., 
2006) that from west to east are referred to as: 
Chewore–Rufunsa, Kacholola, Nyimba–Sinda 
and Chipata terranes (Fig. 2). These terranes 
are predominantly comprised of late-Meso-
proterozoic intrusions that formed on a Pal-
aeoproterozoic basement (Johnson et al., 2006; 
Johnson et al., 2007b). The Nyimba–Sinda ter-
rane is the only exception, instead being largely 
comprised of Neoproterozoic gneiss and post-
tectonic Cambrian granite. Importantly, each 
terrane in the belt records a pervasive Neopro-
terozoic overprint relating to Congo–Kalahari 
collision (Johns et al., 1989; Keppie, 1977), dis-
tinguishing these terranes from the Irumide 
Belt (sensu stricto; Johnson et al., 2005). Sub-
sequent work in northern Mozambique iden-
tified similar terranes that were likely to be ex-
tensions of the SIB. Adjacent to the Zambian 
terranes, in north-west Mozambique, West-
erhof et al. (2008) identified Mesoproterozoic 
terranes with Neoproterozoic structural over-
prints and Neoproterozoic–Cambrian post-
tectonic granite intrusions that they consid-
ered to be a southern extension of the belt. In 
north-east Mozambique, Bingen et al. (2009) 
identified the Unango and Marrupa complex-
es, which are similarly comprised of Mesopro-
terozoic orthogneiss and record a Neoprotero-
zoic overprint. Subsequent work in southern 
Tanzania identified that the Marrupa Complex 
likely extended into this region (Hauzenberger 
et al., 2014; Thomas et al., 2016). Based on the 
similar characteristics recorded in this region 
and southern Zambia, these complexes were 
interpreted as an extension of the SIB (Bingen 
et al., 2009; Hauzenberger et al., 2014; Thomas 
et al., 2016), implying that the belt continues 
through a large section of Malawi (Huang, 
2017).  
While a number of studies have produced 
preliminary results and tentative correlations 
between units within the SIB, significant work 
remains in understanding and constraining 
the multiple proxies of the belt’s formation and 
evolution. Initial εNd(t) isotopic data from the 
Chewore–Rufunsa terrane of the SIB yielded 
largely evolved values, leading Johnson et al. 
(2007b) to suggest that the belt formed as a 
late-Mesoproterozoic continental-margin-arc. 
On the opposite extent of the belt, Thomas 
et al. (2016) obtained evolved εHf(t) values 
for an orthogneiss, supporting the interpre-
tation that the whole belt could have formed 
in a continental-margin-arc environment. 
The detrital record of the Zambian terranes 
remains largely enigmatic, though zircon age 
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populations of c. 2700, 2500, 2100, 1900, 1300 
and 1200 Ma have been obtained from north-
west Mozambique (Westerhof et al., 2008). 
Similar detrital ages have been obtained from 
north-east Mozambique and southern Tanza-
nia, with the Unango and Marrupa complexes 
yielding detrital age populations of 2700, 2000 
and 1100–1000 Ma (Bingen et al., 2009; Thom-
as et al., 2016). Recent work by Karmakar and 
Schenk (2016) provides pressure–temperature 
(P–T) information for late-Mesoproterozoic 
granulite facies metamorphism from the SIB, 
suggesting that rocks in the Chipata Terrane 
reached peak conditions of ~5–6 kbar and 
900–1000 °C. P–T estimates relating to Con-
go–Kalahari collision are available from the 
southern margin of the Chewore–Rufunsa 
terrane, where whiteschists, high pressure 
metamorphic rocks largely composed of talc 
and kyanite (Schreyer, 1974), were estimated 
to record conditions of 12–14 kbar and 725–
775 °C (John et al., 2004).  These estimates are 
consistent with nearby whiteschists from the 
Zambezi Belt, which record coeval peak P–T 
conditions of ~13–21 kbar and 590–650 °C 
(Johnson and Oliver, 1998). Proximal to these 
rocks are metapelites that similarly formed 
from Congo–Kalahari collision and record 
peak conditions of ~7–9 kbar and 590–720 °C 
(Goscombe et al., 2000). 
The preliminary work done on the SIB suggests 
it to be an important region for constraining 
the tectonic geography of the Congo Craton 
throughout a significant portion of Earth his-
tory, though significant work remains for un-
derstanding the belt’s evolution. As such, the 
SIB provides an unutilised opportunity to bet-
ter understand this region’s palaeogeography, 
which can ultimately improve our understand-
ing of the greater Earth system.
 
THESIS OUTLINE
The aim of this thesis is to develop a frame-
work of understanding for the plate margin 
evolution of the southern Congo Craton from 
the Proterozoic to present. This is primar-
ily done through constraining the evolution 
of the Southern Irumide Belt, which is found 
along this margin and provides an extensive 
geological record that can be used to interro-
gate the questions that surround the evolution 
of this region. This thesis has been written as 
a series of individual manuscripts that use an 
array of methodologies to explore both differ-
ent aspects and periods of evolution within the 
Southern Irumide Belt, and by extension the 
southern Congo margin. 
Chapter 2
Chapter 2 is published (online accepted man-
uscript) in Geoscience Frontiers as: Alessio, 
B.L.; Collins, A.S.; Siegfried, P.; Glorie, S.; De 
Waele, B.; Payne J.L.; Archibald, D. 2018 (In 
press). Neoproterozoic tectonic geography of 
the south-east Congo Craton in Zambia as de-
duced from the age and composition of detri-
tal zircons. doi.org/10.1016/j.gsf.2018.07.005.
This chapter constrains the age of metasedi-
mentary sequences throughout the Zambian 
Southern Irumide Belt. Using these ages, this 
study aims to establish depositional correla-
tions between the sediments here and else-
where in central Africa (and further afield) 
that are used to interrogate the Mesoprotero-
zoic–Neoproterozoic palaeogeographic devel-
opment of the southern Congo Craton margin. 
Additionally, these correlations are used to test 
the pre-existing hypothesis that the Southern 
Irumide Belt formed on a microcontinent, pri-
or to colliding with and accreting to the south-
ern Congo margin (e.g. Johnson et al., 2007a; 
Johnson et al., 2006).
Chapter 3
Chapter 3 is published (online accepted manu-
script) in the Journal of the Geological Society 
as: Alessio, B.L.; Collins A.S.; Clark, C.; Glorie, 
S.; Siegfried, P.; Taylor, R. 2019 (In press). Age, 
origin and tectonic geography of the South-
ern Irumide Belt, Zambia. doi.org/10.1144/
jgs2018-174.
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This chapter provides zircon U–Pb and Lu–
Hf isotopic, as well as REE data for igneous 
and meta-igneous lithologies from terranes 
throughout the Zambian terranes of the 
Southern Irumide Belt. The aim of this study is 
to test whether the belt represents a continen-
tal-margin-arc that collided with the southern 
Congo margin in the late-Mesoproterozoic 
(Johnson et al., 2007a), or alternatively, if it 
formed along this margin prior to the late-
Mesoproterozoic (Bingen et al. 2009). Sup-
plementing this is a structural investigation 
of the belt, which aims to constrain the differ-
ent phases of deformation within the region. 
The multiple components of this study serve 
to produce a comprehensive overview of the 
Zambian portion of the belt, which details its 
origin and development from the Palaeoprote-
rozoic to Neoproterozoic. 
Chapter 4
Chapter 4 is published in the Journal of Met-
amorphic Geology as: Alessio, B.L.; Kelsey, 
D.K. 2018. On yoderite: Using calculated 
phase equilibria to investigate its rarity in the 
geological record of whiteschists. Journal of 
Metamorphic Geology 36(3) 297–314. doi.
org/10.1111/jmg.12293.
The southern margin of the Congo Craton is 
intensely deformed as a result of its collision 
with the Kalahari craton in the final stages of 
Gondwana amalgamation. Found along this 
margin as a result of this collision are white-
schists, chemically simple rocks that are sug-
gested to relate to exotic, highly oxidising, 
deep crustal metasomatism and continen-
tal subduction. The southern Congo margin 
contains the largest exposure of these rocks, 
therefore, being able to use them in tectono-
metamorphic research would provide unique 
insights to the development of a key Gondwa-
na forming suture-zone. This study provides 
an activity-composition (a–x) model for the 
mineral yoderite, for use with the pressure–
temperature modelling software THERMOC-
ALC. Yoderite is a key mineral that can form 
within the MgO, Al2O3, SiO2, H2O, Fe2O3 
(MASHO) chemical system that whiteschists 
are restricted to. The provision of this a–x file 
allows for far more rigorous constraints of all 
whiteschists, including the majority of white-
schists that do not contain the mineral, as it 
restricts the P–T stability of the other mineral 
assemblages found in these rocks. This model 
is validated by calculating the P–T stability of 
various mineral reactions in the MASHO sys-
tem and comparing them to experimentally 
derived results. Finally, the utility of the model 
in tectono-metamorphic research is shown by 
calculating a P–T model for a whiteschist of 
the Zambezi Belt, which also contributes to 
our understanding of the style and nature of 
metamorphism experienced during Congo–
Kalahari collision. 
Chapter 5
Chapter 5 is prepared in manuscript format for 
submission to Gondwana Research as: Ales-
sio, B.L.; Collins, A.S.; Kelsey, D.E.; Clark, C.; 
Glorie, S.; Taylor, R. Identifying the tectono-
metamorphic overprints of a Gondwana form-
ing collision: a structural and thermobaromet-
ric investigation of the Southern Irumide and 
Zambezi belts, Zambia.
This study aims to constrain the style and na-
ture of the tectono-metamorphic overprints 
recorded throughout the Southern Irumide 
and Zambezi belt, which relate to collision 
between the Congo and Kalahari cratons dur-
ing Gondwana amalgamation. P–T modelling 
(utilising the a–x model constructed in the 
previous chapter) is used to investigate the 
conditions recorded by the more typical am-
phibolite facies rocks found throughout the re-
gion, as well as those recorded by retrogressed 
whiteschists that are restricted to the south-
ernmost portion of the Southern Irumide 
Belt and further south, in the Zambezi belt of 
Zimbabwe. Peak metamorphism is related to 
deformation observed in the region with an 
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accompanying structural investigation of the 
region. This study highlights and discusses the 
development of distinctly different tectono–
metamorphic overprints as a result of a single 
collisional event, and serve to elucidate the 
development of a major collisional zone at the 
heart of Gondwana amalgamation.
Chapter 6
Chapter 6 has been submitted for publication 
in Tectonophysics as: Alessio, B.L.; Collins, 
A.S.; Glorie, S.; Jepson, G.; Nixon, A.; Clark, 
C.; Jourdan, F. The tectono-thermal evolution 
of central Africa as determined from apatite 
and muscovite thermochronology. The manu-
script forming this chapter is partially revised 
following favourable reviews.
This study applies high- and low-temperature 
thermochronology to samples throughout 
southern Zambia, with the aim of constrain-
ing the post-collisional thermal evolution of 
the region throughout the Phanerozoic. U–Pb 
apatite and 40Ar–39Ar muscovite thermochro-
nological data are used to constrain the tim-
ing of cooling after Congo–Kalahari collision, 
while apatite fission track data are used to con-
strain subsequent thermal activity including 
burial and exhumation. The findings of this 
study are used to discuss the thermal evolution 
of central Africa in relation to Neoproterozoic 
orogenesis, Karoo rifting, Gondwana break-up 
and the development of the East African Rift 
System. 
Chapter 7
The final chapter summarises for the various 
findings of this study, providing a holistic ex-
planation of how the southern margin of the 
Congo Craton developed, largely in reference 
to the development of the Southern Irumide 
Belt along this margin. This chapter first sum-
marises the Mesoproterozoic to Neoprotero-
zoic evolution of the Congo Craton’s southern 
margin, which culminated with Congo–Kala-
hari collision during Gondwana amalgama-
tion. It then outlines the subsequent thermal 
evolution of central Africa, discussing cooling 
of the region after Gondwana amalgamation 
and tectonic events occurring thereafter.
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INTRODUCTION
The southern margin of the Palaeoprotero-
zoic/Archaean Congo Craton is traced from 
the Namibian Central Damara Belt, to the 
Lufillian Arc and Zambezi Belt of Zambia, 
Zimbabwe, Malawi and Mozambique (e.g. 
Collins and Pisarevsky, 2005; De Waele et al., 
2008; Merdith et al., 2017). Collectively, these 
features are referred to the Damara–Lufil-
ian–Zambezi orogen (Fig. 1). The orogen is of 
considerable significance as it contains the evi-
dence of the tectonic geography of the Congo 
Craton through half a billion years of Earth 
history: from its role in Rodinia, including 
whether it was a part of Rodinia or not (De 
Waele et al., 2008; Kröner and Cordani, 2003), 
to its relationship with the Kalahari continent 
that is located to its present-day south. One 
curious feature of this orogen is that the geol-
ogy of the central Damara region suggests rel-
ative tectonic quiescence during much of the 
Tonian Period, with rifting occurring on the 
southern Congo Craton at c. 760 Ma (McGee 
et al., 2012). In contrast, the Tonian was a time 
of volcanic arc magmatism and terrane accre-
tion for the Zambezi Belt region and parts of 
Mozambique (Bingen et al., 2009a; Johnson 
et al., 2005). Understanding this contrasting 
tectonic geography, apparently along orogen-
ic strike, is required to understand the plate 
margin evolution of this region, a major step 
towards understanding the plate evolution 
record of Neoproterozoic central Gondwana 
(see Merdith et al., 2017). 
ABSTRACT
The Southern Irumide Belt (SIB) is an orogenic belt consisting of a number of lithologically 
varied Mesoproterozoic and Neoproterozoic terranes that were thrust upon each other. The belt 
lies along the southwest margin of the Archaean to Proterozoic Congo Craton, and bears a 
Neoproterozoic tectono-thermal overprint relating to the Neoproterozoic–Cambrian collision 
between the Congo and Kalahari cratons. It preserves a record of about 500 million years of 
plate interaction along this part of the Congo margin. Detrital zircon samples from the SIB 
were analysed for U–Pb and Lu–Hf isotopes, as well as trace element compositions. These data 
are used to constrain sediment-source relationships between SIB terranes and other Gondwa-
nan terranes such as the local Congo Craton and Irumide belt and wider afield to Madagascar 
(Azania) and India. These correlations are then used to interpret the Mesoproterozoic to Neo-
proterozoic affinity of the rocks and evolution of the region. Detrital zircon samples from the 
Chewore–Rufunsa and Kacholola (previously referred to as Luangwa–Nyimba) terranes of the 
SIB yield zircon U–Pb age populations and evolved εHf(t) values that are similar to the Muva 
Supergroup found throughout eastern Zambia, primarily correlating with Ubendian–Usagaran 
(c. 2.05–1.80 Ga) phase magmatism and a cryptic basement terrane that has been suggested to 
underlie the Bangweulu Block and Irumide Belt. These data suggest that the SIB was deposition-
ally connected to the Congo Craton throughout the Mesoproterozoic. The more eastern Ny-
imba–Sinda terrane of the SIB (previously referred to as Petauke–Sinda terrane) records detrital 
zircon ages and εHf(t) values that correlate with c. 1.1–1.0 Ga magmatism exposed elsewhere in 
the SIB and Irumide Belt. We ascribe this difference in age populations to the polyphase devel-
opment of the province, where the sedimentary and volcanic rocks of the Nyimba–Sinda terrane 
accumulated in extensional basins that developed in the Neoproterozoic. Such deposition would 
have occurred following late-Mesoproterozoic magmatism that is widespread throughout both 
the Irumide and Southern Irumide Belts, presently considered to have occurred in response 
to collision between a possible microcontinental mass and the Irumide Belt. This interpreta-
tion implies a multi-staged evolution of the ocean south of the Congo Craton during the mid-
Mesoproterozoic to late-Neoproterozoic, which ultimately closed during collision between the 
Congo and Kalahari cratons.
Chapter 2 Neoproterozoic tectonic geography of the south-east Congo Craton in Zambia
-29-
The Southern Irumide Belt (SIB; Johnson et 
al., 2006) is a broadly ENE–WSW trending 
orogenic belt consisting of late Mesoprotero-
zoic and Neoproterozoic metasedimentary 
and metaigneous rocks. The SIB is located be-
tween the Congo and Zimbabwe cratons (the 
northern part of the Neoproterozoic Kalahari 
Craton; Fig. 1) and has a Neoproterozoic struc-
tural overprint related to Gondwana amalga-
mation (De Waele et al., 2008; Johnson et al., 
2005). In Zambia, the SIB has been the subject 
of relatively few studies leaving many ques-
tions unanswered regarding its origin and tec-
tonic evolution. Late-Mesoproterozoic supra-
subduction zone arc magmatism identified in 
the western-most Chewore–Rufunsa terrane, 
in conjunction with similar magmatism ob-
served in Malawi and Mozambique (Bingen et 
al., 2009b), implies the existence of an ocean 
to the south of the Congo Craton at this time 
(Begg et al., 2009; Johnson et al., 2007b). How-
ever, the evolution of such an ocean is poor-
ly constrained at present. Furthermore, the 
southern and eastern margins of the Congo 
Craton were suggested as the source region 
for the abundant Palaeoproterozoic detrital 
zircons found in parts of central Madagascar 
and the Southern Granulite Terrane of India 
linking these regions to the Congo Craton in 
the Mesoproterozoic (Archibald et al., 2015; 
Cox et al., 1998; Cox et al., 2004; Fitzsimons 
et al., 2004; Plavsa et al., 2014). These relation-
ships were the basis for proposing this region 
as a separate Neoproterozoic continent named 
Azania (Collins and Pisarevsky, 2005; Collins 
and Windley, 2002). However, the correlation 
was made based on the sparse data available at 
the time and has not been sufficiently tested, 
especially using other detrital fingerprints, 
such as zircon trace element and/or Lu–Hf 
isotopic compositions.
This study presents detrital zircon laser abla-
tion inductively coupled plasma mass spec-
trometry (LA–ICP–MS) U–Pb isotope and 
trace element data in conjunction with multic-
ollector LA–ICP–MS (LA–MC–ICP–MS) Lu–
Hf isotope data from the SIB in Zambia. These 
data are used to constrain both the deposition-
al ages of protoliths and isotopic nature of zir-
con sources for metasedimentary lithologies 
found within the three western-most terranes 
(Chewore–Rufunsa, Kacholola, and Nyimba–
Sinda) of the SIB. These data are compared to 
neighbouring terranes to suggest correlations 
between major metasedimentary sequences in 
the SIB, elsewhere in Africa and even further 
afield in Madagascar and India. These correla-
tions can represent depositional connections, 
where both basins received input for the same 
sources, providing palaeogeographic con-
straints for the southern Congo margin.
REGIONAL GEOLOGY
The eastern Congo Craton
The Congo Craton refers to the amalgamat-
ed central African landmass at the time of 
Gondwana assembly (De Waele et al., 2008), 
and is comprised of several cratonic blocks. 
The Bangweulu Block and Tanzanian Craton 
are located to the eastern side of the Congo 
Craton (Fig. 1) and are interpreted to have a 
formed a single continental block from the 
early Proterozoic onwards, suggested to be 
marked by the Ubendian–Usagaran orogen. 
This c. 2.05–1.80 Ga orogen is interpreted to 
have been a long lived active margin that is 
now located between the two cratons, along 
the southern margin of the Tanzanian Cra-
ton. The Bangweulu Block lies south of the 
Tanzanian Craton, in northern Zambia. This 
block is characterised by basement lithologies 
consisting of schists and coarse to porphyritic 
granitoids, which are unconformably overlain 
by fluvial, aeolian and lacustrine sediments of 
the Paleoproterozoic Muva Supergroup (Daly 
and Unrug, 1982; De Waele et al., 2006a). De 
Waele et al. (2006b) suggested that the nucleus 
of the Bangweulu Block is an Archean craton 
but contact relationships are obscured by these 
Palaeoproterozoic sediments. Granitoids in the 
Bangweulu Block that formed at c. 1.85 Ga, are 
undeformed and have high-K, calc-alkaline ge-
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ochemical characteristics (Brewer et al., 1979; 
De Waele et al., 2006b; Schandelmeier, 1980; 
Schandelmeier, 1983). These were interpreted 
by Brewer et al. (1979) as shallow intrusions 
as they are associated with volcanism, which 
were suggested to represent an active volcanic 
arc (Daly and Unrug, 1982). De Waele et al. 
(2006b) noted a lack of evidence for crustal 
thickening and exhumation in the Bangweulu 
Block that would be associated with such an 
arc. De Waele et al. (2006b) additionally noted 
that the east–west trending schist belts of the 
Bangweulu Block appear to merge with similar 
lithologies of the NNW–SSE trending Uben-
dian Belt at some localities, but are terminated 
by shear zones in others. 
The Irumide Belt
The Irumide Belt sensu stricto (herein referred 
to as the Irumide Belt) is located to the south of 
the Bangweulu Block (Fig. 1) and is a NE–SW 
trending Mesoproterozoic orogenic belt com-
prised of deformed Palaeoproterozoic granitic 
basement, folded metasedimentary units and 
Figure 1. Simplified tectonic map of central Africa adapted from Hanson (2003) and Karmakar and Schenk (2016). 
The extent of the Congo and Kalahari cratons are denoted by the black dashed lines. Abbreviations: ANG, Angola 
Block; BB, Bangweulu Block; CKB, Choma-Kalomo Block; IB, Irumide Belt; K, Kimezian; KB, Kibaran Belt; KC, 
Kunene Complex; KhB, Kheis Belt; LB, Limpopo Belt; MB, Magondi Belt; MozB, Mozambique Belt; OI, Okwa In-
lier; RT, Richtersveld Terrane; SIB, Southern Irumide Belt; UbB, Ubendian Belt;  UsB, Usagaran Belt; WCB, West 
Congo Belt; ZB, Zambezi Belt.
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voluminous granitoid intrusions of c. 1.05 to 
1.00 Ga age (Daly, 1986; De Waele et al., 2009; 
De Waele et al., 2006a). The metasedimentary 
units consist of a succession of quartzites and 
metapelites and are grouped into the Muva 
Supergroup, which is interpreted to have 
been deposited during the Palaeoproterozoic. 
SHRIMP U–Pb detrital zircon ages from the 
Muva Supergroup are in the range c. 3.2–1.8 
Ga with major peaks at c. 2.1 and 1.9 Ma. The 
maximum depositional age is c. 1.85 Ga with 
a minimum depositional age of c. 1.6 Ga con-
strained by granite emplacement in the Iru-
mide Belt (De Waele and Fitzsimons, 2007; 
De Waele et al., 2003). Peak metamorphism 
in the Irumide Belt is interpreted to have oc-
curred at c. 1020 Ma and is represented by 
upper-amphibolite facies (7–8 kbar and ~650 
°C) mineral assemblages (De Waele, 2004). 
Peak metamorphism is coincident with large 
scale structural overprinting along the south-
ern margin of the belt and by the intrusion of 
primarily calc-alkaline granitoids. The lack of 
juvenile material present in the Irumide Belt 
has been used to suggest that the belt acted as a 
passive margin on the southeast margin of the 
Congo Craton, and that the active continental 
margin was further south and is represented 
by the SIB (De Waele et al., 2006b). 
The Southern Irumide Belt 
Regional context, extent and correlations
Early work noted deformed Mesoproterozoic 
rock south of the Irumide Belt, which had 
been considered as part of the Mozambique 
Belt and/or Irumide Belt (Johns et al., 1989). 
The term Southern Irumide Belt was later in-
troduced by Johnson et al. (2005), who con-
sider the belt to be distinct (detailed below) 
and separate to the Irumide and Mozambique 
belts. The Southern Irumide Belt remains the 
focus of ongoing research due to the sugges-
tion that it represents a discrete continental 
block that was accreted to the Congo crustal 
assemblage (Begg et al., 2009; De Waele et 
al., 2008; De Waele et al., 2006b; Johnson et 
al., 2007b). Lithologies of the SIB crop out in 
Zambia, Malawi, Mozambique, and Tanzania 
(Fig. 1). In Zambia, the SIB is located imme-
diately south of the Irumide Belt though any 
continuity/discontinuity between the SIB and 
Irumide Belt is obscured by a Permo-Triassic 
Karoo Graben that forms the Luangwa Valley 
(Johnson et al., 2006). Aeromagnetic data have 
been used to interpret that a major shear zone 
(Mwembeshi Shear Zone) runs between the 
belts, though this feature is concealed by the 
graben sediments (Johnson et al., 2006; Sara-
fian et al., 2018). The Zambian portion of the 
SIB has been subdivided into four imbricated 
terranes, from west to east these terranes have 
been referred to as the Chewore–Rufunsa, Lu-
angwa–Nyimba, Petauke–Sinda, and Chipata 
terranes (Fig. 2; Johnson et al., 2006; Mapani 
et al., 2004). Here we partially adopt the no-
menclature of these studies, though we instead 
refer to the Luangwa–Nyimba Terrane as the 
Kacholola Terrane. This name instead refers to 
a location within the terrane, as the towns of 
Luangwa and Nyimba are either on the shear 
zone boundary or outside the defined area 
of the terrane. We also refer to the Petauke–
Sinda Terrane instead as the Nyinba–Sinda 
Terrane, which better encompasses the extent 
of fault-bounded Neoproterozoic lithologies 
comprising this terrane. In the Tete Province 
of northwest Mozambique, the SIB has been 
subdivided into a series of terranes with su-
pracrustal sequences that display little cohe-
sion and granitoids with ages ranging from 
c. 1.2 to 1.05 Ga (Westerhof et al., 2008). The 
sediments in these terranes display detrital 
zircon age populations of c. 2.7, 2.5, 2.1, 1.9, 
1.3 and 1.2 Ga (Westerhof et al., 2008, and ref-
erences therein). In northeast Mozambique a 
number of Palaeoproterozoic to Mesoprote-
rozoic complexes that record variable degrees 
of late-Neoproterozoic metamorphism have 
been identified (Bingen et al., 2009a; Boyd et 
al., 2010). The Mesoproterozoic Unango and 
Marrupa complexes identified in this region 
primarily consist of c. 1.1 to 1 Ga orthog-
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neiss, and are interpreted to have formed on 
the Congo margin with the SIB, possibly rep-
resenting an eastern continuation of the belt. 
Neoproterozoic granitoids in southern Tanza-
nia have been linked with these rocks in Mo-
zambique, and possibly represent a continua-
tion of the Marrupa Complex (Hauzenberger 
et al., 2014; Thomas et al., 2014). Later work 
identified rocks bearing c. 1.0 Ga overprints in 
southern Tanzania, additionally observing an 
orthogneiss that yields a crystallisation age of 
c. 1.1 Ga. This work also analysed a sample of 
quartzite in a metasedimentary sequence with 
marble, which was shown to contain predomi-
nantly c. 1.1–1.0 Ga detritus with c. 2.7 and 
2.0 populations. This is suggested to represent 
a post-Irumide basinal sequence, with no rig-
orous constraint on a minimum depositional 
age (Hauzenberger et al., 2014; Thomas et al., 
2016). Similar rocks are also preserved in the 
Nampula Complex of northeast Mozambique, 
which is also comprised of c. 1.1–1.0 Ga or-
thogneiss that is generally older than that 
preserved in the Unango and Marrupa com-
plexes. However, this complex is instead inter-
preted to have accreted to the Kalahari Craton 
prior to Congo–Kalahari collision (Macey et 
al., 2010). This collision resulted in its current 
position, separated from the other Mesopro-
terozoic complexes by the WSW–ENE trend-
ing Lurio Belt that is suggested to represent a 
suture zone between the Congo and Kalahari 
cratons (Bingen et al., 2009a).
Timing of magmatism and metamorphism in 
the SIB
SIB magmatism is constrained to between c. 
1095 and 1040 Ma in Zambia and northwest 
Figure 2. Simplified tectonic map of eastern Zambia adapted from Johnson et al. (2006), with geological units dis-
tinguished for the SIB in Zambia and Mozambique. Lithological data for Zambia is adapted from the Geological 
Survey of Zambia (Agar, 1984; Ray, 1984; Vayrda, 1984) and Johnson et al. (2006). Lithological data for Mozam-
bique is adapted from Westerhof et al. (2008) Shading for Malawi and tectonic units outside of the SIB and Malawi 
follow the legend in Figure 1.
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Mozambique (Fig. 3; Johnson et al., 2006; 
Johnson et al., 2007b; Westerhof et al., 2008) 
and involved the contamination of juvenile 
material by silicic continental crust, typical 
of a continental-margin-arc setting (Johnson 
et al., 2007b). Here, metamorphism is identi-
fied as high-temperature, low-pressure and is 
contemporaneous with magmatism. The tec-
tonic settings of the eastern terranes in this 
area are poorly constrained, though prelimi-
nary work suggests these to be components of 
an accreted island arc complex or a continu-
ation of the continental-margin-arc (Johnson 
et al., 2006; Johnson et al., 2007b; Mapani et 
al., 2001). In northeast Mozambique, SIB mag-
matism is constrained to between c. 1060 and 
950 Ma (Fig. 3; Bingen et al., 2009a).  The mag-
matism in these Mesoproterozoic complexes is 
both voluminous and felsic in composition, 
and as such is also interpreted to have formed 
in a continental-margin-arc setting. Notably, 
metamorphism in the Unango and Marrupa 
complexes is younger than that recorded in 
Zambia and northwest Mozambique, instead 
Figure 3. Time-space plot of existing data for the SIB, indicating periods of magmatism (red), metamorphism 
(green), and deposition (blue) for the belt throughout the Stenian to middle-Cambrian. Bars throughout the plot 
indicate the duration of events defined by the maximum and minimum error ranges of a series of analyses. Circles 
along plotted bars indicate mean age values obtained via U–Pb geochronology. References are indicated by the 
numbers accompanying a given unit’s name and are as follows: 1, De Waele et al. (2006a);  2, De Waele et al. (2009); 
3, Johnson et al. (2007b); 4, Goscombe et al. (2000); 5, Johnson et al. (2006); 6, Karmakar and Schenk (2016); 7, 
Westerhof et al. (2008; approximate age ranges); 8, Bingen et al. (2009a); 9, Hauzenberger et al. (2014); 10, Thomas 
et al. (2016).
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dated at c. 950 Ma. U–Pb, Hf and Nd isotopic 
data obtained by Johnson et al. (2007b) sug-
gest that the Zambian terranes of the SIB were 
formed on variably reworked Palaeoprotero-
zoic basement. Similarly, Archaean to Palaeo-
proterozoic components are also identified in 
northeast Mozambique (Bingen et al., 2009a). 
A marginal basin ophiolite (Chewore Ophi-
olite)  dated at 1393 ± 22 Ma (Oliver et al., 
1998) was observed in northern Zimbabwe, 
though lithological and geochemical charac-
teristics suggest that it is not directly related 
to the c. 1070 Ma continental-margin-arc 
magmatism (De Waele et al., 2008; Westerhof 
et al., 2008). Younger magmatic rocks in the 
belt are broadly restricted to the Nyimba–Sin-
da Terrane in Zambia as well as the Unango 
and Marrupa complexes of Mozambique (Fig. 
3). A syenite pluton in the Unango Complex 
yields a crystallisation age of 799 ± 8 Ma, while 
a charnockite pluton in the Marrupa Complex 
yielded a crystallisation age of 753 ± 13 Ma 
and metamorphic age of 549 ± 22 Ma (Bingen 
et al., 2009a). The ages yielded by this pluton 
are both within error of similar ages record-
ed by widespread orthogneiss located within 
the Nyimba–Sinda Terrane, which yields pro-
tolith U–Pb ages of 742 ± 13 Ma and has an 
interpreted metamorphic age of 536 ± 10 Ma 
(Johnson et al., 2006). This gneiss is interpret-
ed to be closely associated with predominantly 
andesitic volcanics that are also located in this 
terrane (Barr and Drysdall, 1972; Johnson et 
al., 2006). Direct age constraints are not availa-
ble for the volcanics, though underlying gran-
ite has yielded a crystallisation age of c. 1040 
Ma. Post-kinematic granite is also widespread 
throughout the Nyimba–Sinda Terrane and 
yields a crystallisation age of c. 500 Ma. This 
is broadly consistent with the syenite intru-
sions found within the prominent Nyamadzi 
Shear Zone north-east of the Nyimba–Sinda 
Terrane (Johnson et al., 2006). Broadly coeval 
post-kinematic magmatism is observed in the 
complexes of northeast Mozambique, with 
crystallisation ages ranging from c. 550 to 490 
Ma (Fig. 3; Bingen et al., 2009a).
Relationship to the Irumide Belt and Congo 
Craton
Several distinct differences can be observed 
between the SIB and the Irumide Belt, which 
has led a number of authors to conclude that 
there is no genetic relationship between the 
two belts (De Waele et al., 2008; Hauzenberger 
et al., 2014; Johnson et al., 2006; Johnson et al., 
2007b; Westerhof et al., 2008). While the SIB 
contains an array of deformed sedimentary, 
igneous and volcanic units with related intru-
sions (De Waele et al., 2006b; Hauzenberger et 
al., 2014; Johnson et al., 2006; Johnson et al., 
2007b; Westerhof et al., 2008), the Irumide 
Belt is largely composed of granitoids and the 
metasedimentary Muva Supergroup (Daly, 
1986; Daly et al., 1984; Daly and Unrug, 1982; 
De Waele and Mapani, 2002). Metamorphism 
in the Irumide Belt occurred at c. 1020 Ma and 
involved pressures around 7–8 kbar as a result 
of crustal thickening processes. This is distinct 
from metamorphism in the SIB, which was 
considered to have occurred between c. 1090 
and 1040 Ma and involved peak pressures be-
low 4 kbar (Goscombe et al., 2000; Johnson et 
al., 2006; Johnson et al., 2007b). Johnson et al. 
(2007b) argue that this difference in the tim-
ing and nature of metamorphism without a 
gradual transition is unlikely to be due to the 
diachronous development of a single Irumide 
belt. However, recent pressure–temperature 
estimates obtained for the Chipata Terrane 
by Karmakar and Schenk (2016) yield values 
of ~900–1000 °C and 5–6 kbar. These authors 
also obtained U–Pb monazite ages that indi-
cate that metamorphism was contemporane-
ous with that in the Irumide Belt. On the basis 
of contrasting styles and timing of metamor-
phism, as well as the Mwembeshi dislocation 
between the SIB and Irumide Belt, Johnson 
et al. (2006) suggested that there is no ge-
netic relationship between the belts and that 
the presence of the Luangwa Valley between 
them masks a key suture along the margin of 
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the Congo Craton. With no genetic relation-
ship between the belts, Johnson et al. (2007b) 
argued that the SIB did not develop on the 
Congo margin and instead developed via sub-
duction of continental crust under the margin 
of a micro-continental mass later named the 
Rushinga Microcontinent (Begg et al., 2009), 
which ultimately lead to ocean closure at c. 
1040 Ma. This model suggests that collision 
between the SIB and Congo craton margin led 
to the cessation of magmatism in the SIB, and 
initiated compression and crustal melting in 
the Irumide Belt. Alternatively, Bingen et al. 
(2009a) suggest that the terranes and complex-
es identified in the SIB could have always been 
a part of the southern Congo margin, which 
acted a long-lived active margin and experi-
enced at least one event of foreland propaga-
tion between c. 1020 and 1005 Ma. 
METHODS
Three samples of quartzite (Z14-01, Z14-02, 
Z14-17) and one sample of psammite (Z14-
05) were collected for detrital zircon U–Pb 
geochronology, trace element analysis and Lu–
Hf isotopic analysis from the SIB in Zambia. 
Three additional detrital zircon samples from 
the Irumide Belt were analysed for Lu–Hf 
isotopic data. These samples were previously 
age dated using U–Pb geochronology, the de-
tails of which are reported in De Waele et al. 
(2006a). Individual U–Pb, Lu–Hf and trace 
element analyses can be referred to in the sup-
plementary material.
U–Pb detrital zircon geochronology
U–Pb and trace element data were obtained 
from separated detrital zircon grains that were 
extracted from crushed rocks using standard 
magnetic and heavy liquid techniques. Zir-
con separates were hand-picked, mounted in 
epoxy resin and then polished to expose the 
grains. The grains were imaged using an FEI 
Quanta 600 Scanning Electron Microscope 
(SEM) with a Gatan cathodoluminescence de-
tector attached to identify compositional do-
mains that were suitable for analysis. Zircon 
grains were analysed for U–Pb isotopes and 
trace elements using an Agilent 7900 ICP-MS 
and NewWave UP213 Laser Ablation System. 
Trace elements analysed include the rare earth 
elements (REE; with the exception of Pm) 
and P. Ablation of zircon was performed in a 
He-atmosphere with a frequency of 5 Hz. A 
spot size of 30 μm was used for all analyses. 
A total acquisition time of 60 seconds was 
used consisting of 30 seconds of background 
acquisition followed by 30 seconds of sample 
ablation. The Standard GJ (206Pb/238U = 608.5 
± 0.4 Ma; Jackson et al. (2004)) was used as 
the primary standard for all zircon analyses 
and Plešovice (206Pb/238U = 337.13 ± 0.37 Ma; 
Sláma et al. (2008)) was used as a secondary 
standard. Standard glass NIST SRM 610 was 
used during trace element analysis as a refer-
ence material for corrections to mass bias drift. 
Plešovice yielded a 95% concordant average 
206Pb/238U age of 332.1 ± 2.4 Ma (2σ, n = 61) 
and 207Pb/206Pb age of 333.7 ± 9.9 Ma (2σ, n 
= 61). U–Pb data were reduced using GLIT-
TER (Jackson et al., 2004), while trace element 
data were reduced using IOLITE (Paton et al., 
2011). Upper and lower concordia intercepts 
of samples were calculated using ISOPLOT 
(Ludwig, 2004), in addition to the modelling 
method of Reimink et al. (2016). 
Lu–Hf Isotope Analysis 
Lu–Hf isotope analysis in zircon was con-
ducted at the University of Adelaide using a 
New Wave UP-193 Excimer laser attached to 
a Thermo-Scientific Neptune Multi-Collector 
ICP–MS. Analytical methods follow Payne et 
al. (2013). A spot size of ~50 μm was used for 
all appropriately sized zircon grains, decreas-
ing to 35 μm for smaller grains. Zircons were 
ablated in a He atmosphere, which was mixed 
with Ar upstream of the ablation cell, for be-
tween 40 to 100 seconds with a 5 Hz repetition 
rate, a 4 ns pulse rate, and an intensity of ~6–8 
J/cm2. Data were normalised to 179Hf/177Hf = 
0.7325, using an exponential correction for 
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mass bias. Yb and Lu isobaric interferences on 
176Hf were corrected for following the meth-
odology of Woodhead et al. (2004). Reduction 
of zircon data was undertaken using the Hf 
isotope data reduction spreadsheet, HfTRAX 
(Payne et al., 2013). Known reference materials 
(Mud Tank and Plešovice) were run through-
out the analytical session to verify the stabil-
ity and performance of the instrument. The 
primary standard used was Plešovice, which 
yielded a mean 176Hf/177Hf ratio of 0.282470 ± 
0.000015 (2σ, n = 7). This is within uncertain-
ty of the known value of 0.282482 ± 0.000013 
(Sláma et al., 2008). 
SAMPLE INFORMATION AND ANALYTI-
CAL RESULTS
Southern Irumide Belt samples
Z14-17 (15° 03’ 09.6” S, 29° 50’ 59.8” E)
Z14-17 is a pure quartzite collected from the 
Chewore–Rufunsa Terrane (Fig. 2), in a road 
cutting along Great East Road, approximately 
20 km north-east of Rufunsa. Zircon grains 
from this sample range from ~50 to 200 μm in 
length, and vary from stubby (1:1) or elongat-
ed (4:1). They range in appearance from clear 
to dark and cloudy. Some grains display oscil-
latory zonation that reflect the igneous growth 
of the grains and all grains display rounding 
typical of detrital zircons (Fig. 4). In many 
cases, the CL zoning indicates that the rims of 
zircon grains were destroyed, possibly as a re-
sult of sedimentary abrasion, metamorphism 
or chemical alteration (Corfu et al., 2003). 
Some zircon grains appear to be fragments 
of a larger grain. One hundred and seventeen 
(117) zircon cores and six rims were randomly 
selected for U–Pb LA–ICP–MS analysis, of 
Figure 4. Cathodoluminescence (CL) images of zircons from samples selected for geochronological analysis. Num-
bered circles represent LA–ICP–MS spot locations of 30 µm diameter and the larger circles on each grain represent 
MC–LA–ICP–MS spot locations.
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Figure 5. U–Pb concordia diagrams and associated Kernel Density Plots (KDPs) for samples from the Southern Iru-
mide Belt. a) Concordia diagram for sample Z14-17 of the Chewore–Rufunsa Terrane, ≥ 90% concordant zircons 
are shaded in dark grey and rims in light grey. b) Associated KDP for Z14-17 with 207Pb/206Pb ages plotted, likely 
sources are indicated by the dashed lines. c) Concordia diagram for samples Z14-01 and Z14-02 of the Kacholola 
Terrane, ≥ 90% concordant zircons are shaded in dark grey and rims in light grey. d) Associated KDP for Z14-01 
and Z14-02 with 207Pb/206Pb ages plotted, likely sources are indicated by the dashed lines. e) Concordia diagram for 
sample Z14-05 of the Nyimba–Sinda Terrane, a blowout is also depicted for the c. 1.1–0.55 Ga age range. ≥ 90% 
concordant zircons are shaded in dark grey and rims in light grey. Interpreted Pb loss lines are indicated by the 
dashed lines in the concordia plot and blow out. f) Associated KDP for Z14-05 with 206Pb/238U ages plotted for ages 
< 1.2 Ga and 207Pb/206Pb ages plotted for ages > 1.2 Ga. Likely sources are indicated by the dashed lines.
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which 62 cores were ≤ 10% discordant (Fig. 
5a). The 207Pb/206Pb ages of these near-con-
cordant analyses range from c. 2726 to 1768 
Ma, with the majority of analyses yielding ages 
around 2.0 Ga. The Kernel Density Plot (KDP) 
for this sample (Fig. 5b) displays a prominent 
peak at c. 2.0 Ga, with smaller peaks at c. 1.8, 
2.2, 2.6, 2.7, and 3.2 Ga. Hafnium data was 
obtained for 15 zircon grains from the c. 1.8, 
2.0, 2.6 and 3.2 Ga populations (Fig. 6). Each 
population has negative εHf(t) values, rang-
ing from –5.9 to –0.3. A single grain with a c. 
2.5 Ga age has an εHf(t) value of +5.2. Trace 
element data were obtained for the same 15 
zircons (Fig. 7a), which display REE concen-
trations typical of zircon (Hoskin and Ireland, 
2000) that shows a general increase in elemen-
tal abundance with increasing atomic mass. 
Such a trend is also observed in each subse-
quent sample. Phosphorous contents range 
from ~100–900 ppm (Fig. 7d), with zircons 
between c. 2.0 and 1.8 Ga having generally 
higher P contents than older grains. U, Yb and 
Hf values obtained from all analyses (in eve-
ry sample) are consistent with zircon derived 
from a continental source (Fig. 7e, 7f; Grimes 
et al., 2007).
Z14-01 (14° 38’ 02.3” S, 30° 47’ 36.7” E) and 
Z14-02 (14° 38’ 04.5” S, 30° 47’ 52.3” E)
Z14-01 was collected from the base of Lupiri 
Hill in the Kacholola Terrane, approximately 
9 km SW of Nyimba. Z14-02 was collected 
from the top of Lupiri Hill (Fig. 2). Both sam-
ples are quartzite and contain minor musco-
vite. Zircons from these samples are ~40 to 
200 μm in length, ranging from stubby (1:1) 
or elongated (4:1). Zircon grains from Z14-01 
are generally clear to dark in appearance, with 
some brownish grains present. Zircon grains 
from Z14-02 are clear in appearance. Grains 
in both samples commonly display oscillatory 
zonation that reflect the igneous growth of the 
grains, while all grains display rounding (Fig. 
4). In sample Z14-01, 136 zircon cores and 
four rims were randomly selected for U–Pb 
analysis, from this population 84 grain cores 
were ≤ 10% discordant. Twenty three (23) zir-
con core analyses and five rim analyses were 
obtained from sample Z14-02 and seven cores 
were ≤ 10% discordant. Due to the proximity, 
common zircon morphology and similarity in 
ages obtained, in conjunction with the paucity 
of near concordant analyses from Z14-02, the 
analyses from these samples have been com-
Figure 6. εHf(t) versus U–Pb age plot for detrital zircons from the Irumide Belt and SIB. Uncertainty for age and 
εHf(t) values are shown at the 2σ level. The depleted mantle curve of Griffin et al. (2002) is plotted, as is the new 
crust line of Dhuime et al. (2011).
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bined and are displayed on a Wetherill concor-
dia diagram (Fig. 5c). The 207Pb/206Pb ages of 
these near-concordant analyses range from c. 
3376 to 1764 Ma and most ages are c. 2.0 Ga. 
The KDP for this sample (Fig. 5d) displays a 
large age peak at c. 2.0 Ga, with smaller peaks 
at c. 1.85, 2.3, 2.7 and 3.4 Ga. Hafnium isotopic 
data were obtained for 22 zircons from each 
of the populations. Each age population has 
negative εHf(t) values (Fig. 6) that range from 
–19.8 to –0.1. A single grain with a c. 3.3 Ga 
age displays an εHf(t) value of +7.8. P concen-
trations in these samples vary between ~100–
800 ppm, with a higher variation in P content 
in zircons of c. 2.0–1.8 Ga age in comparison 
to older grains.
Z14-05 (14° 31’ 58.9” S, 30° 57’ 50.0” E)
Z14-05 was collected in the Nyimba–Sinda 
Terrane, from an outcrop approximately 15 
km east of Nyimba, along the Great East Road 
(Fig. 2). The sample is a psammite, being less 
pure than the previous quartzite samples and 
containing approximately 10% microcline and 
minor plagioclase. It also contains minor chlo-
rite, muscovite and rutile. Zircons are between 
Figure 7. Trace element diagrams for samples from the SIB terranes. a) to c) Rare-earth element diagrams normal-
ised to the average chondrite (McDonough and Sun, 1995) for samples Z14-17, Z14-01 and Z14-05, respectively; 
d) Phosphorous contents (ppm) versus U–Pb age diagram (Ma) for Z14 samples; e) U/Yb versus Hf (ppm) diagram 
for Z14 samples, with the grey field outlining the values for continental zircons (Grimes et al., 2007); f) U (ppm) 
versus Yb (ppm) diagram for Z14 samples, with the grey field outlining the values for continental zircons (Grimes 
et al., 2007; Burnham and Berry, 2017).
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~20 to 120 μm in length and are stubby (1:1) 
to elongated (4:1) and are clear in appearance. 
The zircons typically display oscillatory zona-
tion and all grains are rounded (Fig. 4). Some 
grains display deformed or discontinuous 
zonation at the rims, which may reflect par-
tially metamorphosed grains or a later stage 
of growth. The fractured appearance and zo-
nation of some grains indicates that the grains 
are fragments of a larger grain. One hundred 
and twenty two (122) zircon cores and nine 
rims were randomly selected for U–Pb analy-
sis (Fig. 5e) and 52 core analyses are ≤ 10 % 
discordant. The 206Pb/238U and 207Pb/206Pb ages 
are between c. 2.1 to 0.7 Ga, with the majority 
of analyses clustering at c. 1.0 Ga. For grains 
> 1.2 Ga, the 207Pb/206Pb age has been consid-
ered, while the 206Pb/238U age has been used 
for younger grains. The KDP for this sample 
(Fig. 5f) displays a prominent age peak at c. 1.0 
Ga, with minor populations at c. 2.0 and 0.7 
Ga. The enlarged section of the concordia dia-
gram for this sample (Fig. 5e), shows several 
discordant analyses on a near-linear trajectory 
between the concordant c. 1.0 Ga analyses and 
c. 0.7–0.6 Ga analyses. This may suggest that 
these younger concordant analyses are part of 
the c. 1.0 Ga population but experienced sub-
sequent Pb loss. 
Concordance plotted against the 206Pb/238U age 
(Fig. 8a) for each zircon display a strong lin-
ear trend between c. 1.1 and 0.8 Ga. This im-
plies that the discordant analyses within this 
age range that were pulled along a Discordia 
from c. 1.1 Ga and may have formed a coher-
ent single population at that age prior to Pb-
loss. The deviation of the < 0.8 Ga ages from 
the 206Pb/238U-concordance trendline means 
that it is not possible to unambiguously as-
sign them to the same population using this 
method. It does not exclude them from this in-
itial population though as the potential exists 
for ancient lead loss of a different age to have 
resulted in a different relationship between 
206Pb/238U ages and concordance. Assessing 
the 232Th/238U ratios against 206Pb/238U ages for 
the same analyses (Fig. 8b) shows a relatively 
consistent trend of decreasing 232Th/238U with 
decreasing age, which has been linked to Pb 
loss (Ashwal et al., 1999; Collins, 2003; Col-
lins et al., 2004; Hoskin and Black, 2000; Kirk-
land et al., 2015; Pidgeon, 1992; Pidgeon et al., 
1998; Vavra et al., 1999). Hf isotope analyses 
of < c. 1 Ga grains show similar Hfi values to 
grains from the c. 1.0 Ga population (Fig. 8c). 
The upper and lower concordia intercepts of 
this population are identifiable using the mod-
elling method of Reimink et al. (2016). This 
method produces a series of discordia lines 
and calculates an associated summed proba-
bility density, which serves as a measure of the 
likelihood that a given line contains discordant 
analyses. Likelihood in this context serves as a 
relative metric for deciphering upper and low-
er intercept ages. Figure 8d is a visualisation 
of these chords and their relative likelihoods, 
with the most likely upper and lower inter-
cepts for this sample at c. 1.1 ± 0.05 Ga and 
0.4 ± 0.2 Ga, respectively. There are also minor 
increases in likelihood for upper intercepts at 
c. 2.0, 2.6, and 3.2 Ga that broadly correspond 
to age peaks observed in the previous samples. 
The most likely upper intercept obtained us-
ing this method is corroborated with a linear 
regression in ISOPLOT, which produces an 
upper intercept of 1071 +98/-44 Ma (MSWD 
= 0.37; Fig. 8e). The c. 1.9 Ga analyses are also 
suspected to have experienced Pb-loss. A Pb-
loss line can be traced through these analyses 
to the discordant c. 1.5–1.3 Ga analyses and 
even to the most discordant c. 0.7 Ga analy-
ses. However an upper concordia intercept of 
analyses along this line is poorly resolved via 
the method of Reimink et al. (2016). Instead, 
an upper intercept calculated using ISOPLOT 
yields an age of 2006 ± 77 Ma (MSWD = 11.8; 
Fig. 8f). 
Hafnium isotope data were obtained for 17 zir-
cons belonging to the c. 1.0 and 2.0 Ga popula-
tions, as well as those of c. 0.7 and 1.4 Ga age 
(Fig. 6). The two analyses of zircons of c. 650 
Ma age returned εHf(t) values of –15.0 and 
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Figure 8. Plots indicating Pb-loss is recorded in zircon grains from sample Z14-05 and calculated concordia inter-
cepts. a) Concordance versus 206Pb/238U age plot; b) 232Th/238U ratio versus 206Pb/238U age plot. Concordance versus 
206Pb/238U age is additionally shown on the secondary vertical axis (light grey) ; c) Hfi versus 
206Pb/238U age plot; d) 
Upper concordia intercept calculated for the c. 1.0 Ga population using ISOPLOT; e) Upper concordia intercept 
calculated for grains of a suspected c. 2 Ga population using ISOPLOT; f) most likely upper and lower concordia 
intercepts (c. 1.1 and 0.4 Ga, respectively) for sample Z14-05, obtained using the modelling method of Reimink et 
al. (2016).
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–14.9, similar to or slightly more evolved than 
many of the zircon grains from the c. 1.0 Ga 
population, providing a small indication that 
these grains may have initially belonged to the 
c. 1.0 Ga population. Zircon grains from the c. 
1.0 Ga population have εHf(t) values ranging 
from –25.0 to –4.4, with the exception of two 
grains that have εHf(t) values of +1.2 and +3.9. 
A single c. 1.3 Ga grain yielded an εHf(t) value 
of +5.4. Analyses from the 1.8 Ga population 
yielded two εHf(t) values of –2.2 and –0.5, 
comparable to values obtained for similar pop-
ulations from the other samples analysed in 
this study. Trace element data (Fig. 7c) for this 
sample show a distinct REE enrichment for 
two analyses in comparison to the other ob-
tained analyses, which is particularly notice-
able in the light REE concentrations for these 
zircons. Such variance may reflect a difference 
in source material or subsequent metamor-
phism (Hoskin and Schaltegger, 2003; Wang et 
al., 2016). These zircons yielded crystallisation 
ages of c. 1.02 and 1.05 Ga, which is temporally 
indistinct from the majority of analyses from 
this sample. Morphologically, these zircons are 
largely indistinct from other grains of similar 
age in this sample, though are slightly darker 
in CL. P contents obtained for this sample 
range from ~150–700 ppm (Fig. 7d).
Irumide Belt samples
Three samples from the Irumide Belt were an-
alysed for Lu–Hf isotopic data. These samples 
were previously collected and analysed for U–
Pb geochronology by De Waele et al. (2006a), 
with detailed sample descriptions provided 
therein.
Sample IL14
Sample IL14 is a quartzite sampled from the 
Ilondola Mission area. The U–Pb zircon data 
were previously reported in De Waele et al. 
(2006a) and display prominent age populations 
at c. 1.9, 2.0–2.1, 2.2, 2.4, 2.7, 2.9 and 3.0 Ga 
Forty-one analyses were undertaken on grains 
from this sample. εHf(t) values obtained from 
these analyses range from –9.8 to +6.5 (Fig. 5), 
with all but three analyses returning a negative 
εHf(t) value. Notably, the three positive analy-
ses were obtained from the grains with oldest 
three U–Pb ages (c. 3.0–2.7 Ga) obtained from 
this sample.
Sample KAS
Sample KAS is a quartzite sampled near Kasa-
ma. This sample contains zircon age popula-
tions of c. 1.4, 1.8–1.9, 2.0, 2.1, 2.2 and 2.6 Ga 
(De Waele et al., 2006a). Twenty-nine analyses 
were obtained from this sample, with obtained 
εHf(t) values ranging from –6.6 to +1.7 (Fig. 
5). The positive εHf(t) values obtained can be 
observed to from a cluster at c. 1.87 Ga.
Sample MA6
Detrital zircon sample MA6 is a quartzite from 
near Mansa. Previously collected zircon U–Pb 
data indicates age populations at c. 1.9, 2.0, 2.2, 
2.4 and 2.7 Ga (De Waele et al., 2006a). Thirty-
nine analyses were obtained from this sample, 
with εHf(t) values that range from –11.3 to 
+7.7 (Fig. 5). Only two analyses provide posi-
tive values. The analysis returning an εHf(t) 
value of +7.7 was obtained from the second 
oldest (c. 2.9 Ga) grain analysed for this sam-
ple. 
DISCUSSION
Depositional age constraints on South-
ern Irumide Belt protoliths
Sample Z14-17 was sourced from the western-
most Chewore–Rufunsa Terrane of the SIB. 
From this sample the youngest age population 
was found to be c. 1.8 Ga, the youngest ≤ 10% 
discordant analysis yielded a 207Pb/206Pb age of 
1768.1 ± 58.4 Ma (2σ uncertainty) that is inter-
preted to represent the maximum depositional 
age of this sample. Johnson et al. (2006) de-
scribe quartzite in the Chewore–Rufunsa Ter-
rane as distributed between Mesoproterozoic 
volcanic and pelitic rocks. This terrane has 
been shown to have experienced widespread 
magmatism and metamorphism in the period 
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between c. 1095 and 1040 Ma (Goscombe et 
al., 2000; Johnson et al., 2006; Johnson et al., 
2007b). The sample is interpreted to have been 
metamorphosed during this event and hence 
c. 1095 Ma is taken to represent the minimum 
depositional age of this sample. 
Samples Z14-01 and Z14-02 were sourced 
from the Kacholola Terrane. From these sam-
ples, the youngest population identified is c. 
1.85 Ga in age. The youngest ≤ 10% discordant 
analysis was from Z14-01 yielded a 207Pb/206Pb 
age of 1764.4 ± 74.2 Ma (2σ uncertainty) and is 
taken to represent the maximum depositional 
age of both samples. Igneous intrusions are 
rare within this terrane (Johnson et al., 2006) 
and there are a general lack of geochronologi-
cal data that constrain the timing of metamor-
phism in this terrane. However, low Th/U met-
amorphic rims from the c. 2.6 Ga basement 
granodiorite were dated at c. 1.04 Ga (Cox et 
al., 2002). We suggest this metamorphism is 
contemporaneous with that observed in the 
overlying sedimentary rocks in this terrane, 
and thus, reflects the minimum depositional 
age for these samples.
Sample Z14-05 was collected from the Ny-
imba–Sinda Terrane, the youngest 206Pb/238U 
age (≤ 5% discordant) is 626.1 ± 17.2 Ma (2σ 
uncertainty). Depletion in 232Th and a decreas-
ing 232Th/238U ratio is typical of post-crystalli-
sation isotope remobilization in zircon (Ash-
wal et al., 1999; Collins, 2003; Collins et al., 
2004; Hoskin and Black, 2000; Kirkland et 
al., 2015; Pidgeon, 1992; Pidgeon et al., 1998; 
Vavra et al., 1999) and is a visible feature in 
the c. 850–600 Ma zircon from sample Z14-05 
(Fig. 8b). Hf stochiometrically replaces Zr in 
the zircon crystal structure, and is usually re-
tained in the event of Pb loss. As such, grains 
that were subjected to post-crystallisation Pb 
loss are likely to retain their initial Hf values 
(Finch and Hanchar, 2003; Hawkesworth and 
Kemp, 2006). Zircon grains with ages that are 
younger than c. 1.0 Ga have Hfi values that are 
the same as those displayed in the c. 1.0 Ga 
population (Fig. 8c), indicating that the zircon 
may have been derived from the same crystal-
lisation event. Given the equivalent Hfi values, 
decreasing 232Th/238U ratios and increasing 
concordance with increasing age (Fig. 8a, b), 
it is interpreted that these grains do not record 
their true age. These grains have likely under-
gone post-crystallisation isotope remobiliza-
tion as a result of metamorphism during c. 540 
Ma collision between the Congo and Kalahari 
cratons. This suggests that the zircon grains 
may have been a part of an older (c. 1.1–1.0 
Ga) population prior to Pb loss. The obtained 
upper concordia intercept age of 1071 +98/-44 
Ma (MSWD = 0.37) and maximum likelihood 
intercept of ~1.1 Ga (Fig. 7) correspond with 
magmatism occurring in the SIB between c. 
1095 and 1040 Ma. The magmatism occur-
ring at this time is suggested to represent the 
last source of sedimentary input to this sam-
ple and therefore, represent the maximum 
depositional age. We acknowledge that some 
of these zircon analyses may instead represent 
slightly younger magmatic events occurring in 
the Irumide Belt at c. 1020 Ma (De Waele et 
al., 2006b), though resolving this conundrum 
is difficult with the obtained analyses. This 
sample of quartzite falls within the broader 
mapping unit of Neoproterozoic gneiss, which 
is widespread throughout the Nyimba–Sinda 
terrane. A sample of this gneiss, located ~40 
km south-west of this sampling locality has a 
protolith age of 742 ± 13 Ma (Johnson et al., 
2006). Though early work tentatively sug-
gested that Neoproterozoic gneiss formed the 
basement to the overlying quartzite (Johns et 
al., 1989), a rigorous relationship between the 
gneiss and the quartzite is unclear. If the proto-
lith to the gneiss intruded the metasediments, 
this would provide a direct constraint on the 
minimum depositional age of the sample. 
Correlation and provenance of South-
ern Irumide Belt metasedimentary rocks 
Chewore–Rufunsa and Kacholola terranes
Samples from the Chewore–Rufunsa (Z14-
17) and Kacholola (Z14-01 and Z14-02) ter-
Chapter 2 Neoproterozoic tectonic geography of the south-east Congo Craton in Zambia
-44-
ranes have prominent detrital zircon U–Pb 
age peaks at c. 2.0, 2.7 and 3.3 Ga, with trace 
element concentrations that reflect continen-
tal sources (Fig. 7e, 6f). Recently, the concen-
tration of P in zircon has been used as a tool 
in distinguishing zircons derived from I- and 
S-type granites (Burnham and Berry, 2017). 
If the zircon grains from these samples were 
sourced from phases of predominantly gra-
nitic magmatism, grains older than c. 2.0 Ga 
were likely sourced from I-type granites (Fig. 
7d). Zircon grains belonging to the c. 2.0 and 
1.8 Ga populations display variable P contents 
that could reflect I- and possibly S-type granite 
sources. The age populations observed in these 
samples correlate well with age populations re-
ported by De Waele et al. (2006a) for the Muva 
Supergroup. Furthermore, the εHf(t) values 
obtained for Chewore–Rufunsa and Kacho-
lola samples (Z16-17, Z16-01 and Z16-02) are 
identical to values obtained in this study for 
these same populations. Both the aforemen-
tioned terranes and Muva Supergroup display 
detrital zircon age peaks that correspond with 
the main magmatic phases observed within 
the Bangweulu Block (De Waele et al., 2006a; 
De Waele et al., 2006b; De Waele et al., 2003). 
εNd(t) data obtained by De Waele et al. (2006b) 
clearly demonstrate that the igneous phases in 
the Bangweulu Block are the result of Prote-
rozoic crustal reworking, which is consistent 
with the evolved zircons from this study. On 
the basis of highly correlative age populations 
and isotopic values, it is interpreted that the 
sedimentary rocks of the Chewore–Rufunsa 
and Kacholola terranes were derived from the 
same or similar source to that of the Muva 
Supergroup. The prominent c. 2.0 Ga zircon 
grains population are likely sourced from Usa-
garan or Ubendian phase granites. De Waele et 
al. (2006b) used this term to not only encom-
pass the magmatism occurring in the Ubendi-
an–Usagaran Belt at this time (Boniface et al., 
2012; Ring et al., 1997; Tulibonywa et al., 2015), 
but also in the SW Irumide Belt. As such, zir-
cons forming the c. 2.0 Ga age peak may have 
been sourced from either region. The c. 1.8 
Ga age population observed in sample Z14-17 
may be derived from Usagaran or Ubendian 
phase intrusions, granitoids of c. 1.85–1.80 Ga 
age that are speculated to have been part of a 
widespread plutono-volcanic province ranging 
from the Ubendian Belt to the Domes region 
of the Copperbelt in northern Zambia (De 
Waele et al., 2006b). The south-west Irumide 
Belt records c. 2.7 Ga magmatism (De Waele, 
2004; De Waele et al., 2006b) and may explain 
the presence of the small c. 2.7–2.6 Ga detrital 
zircon age population found in samples from 
both terranes. Another potential source of this 
population can be found in the Isimani Suite 
of the Usagaran Belt. Here, Collins et al. (2004) 
reported xenocrysts of c. 2.7 Ga age in post-
tectonic granites. From these data and previ-
ous work (Maboko, 1995; Möller et al., 1995; 
Muhongo et al., 2001; Stern, 2002), a large 
volume of c. 2.7 Ga material (subsequently re-
worked in the Usagaran orogen) was located to 
the east of the Tanzanian Craton. Three zircon 
grains from the three samples record ages over 
3 Ga and it is possible that these are derived 
from a cryptic basement terrane described by 
De Waele et al. (2008). The proposed terrane 
possibly underlies both the Bangweulu Block 
and Irumide Belt. These authors further sug-
gest this may be the same block that collided 
with the Tanzania Craton between 2 and 1.8 
Ga. 
The sediments of the Muva Supergroup are 
suggested to have correlatives in parts of both 
central Madagascar and Southern India (Cox 
et al., 2004; Plavsa et al., 2015; Plavsa et al., 
2014), an interpretation made with the few 
data available at the time. In central Madagas-
car, multiple metasedimentary units preserve 
detrital age populations that are consistent 
with those observed in this study. Although 
the relative population sizes differ between 
the central Madagascan units and samples ob-
tained in this study, the data indicate that sedi-
ments in both regions sourced similarly aged 
material. The Hf isotopic data obtained in this 
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study provides a new detrital fingerprint for 
correlation, and indicates that the age popu-
lations common to sedimentary rocks of both 
the southern Congo margin and central Mad-
agascar display broadly similar εHf(t) values. 
Zircons with ages between c. 2.1 and 1.9 Ga 
in both regions record εHf(t) values between 
approximately –10 and +1. Zircons with ages 
between c. 3.0 and 2.5 Ga in central Madagas-
car record predominantly juvenile εHf(t) val-
ues, although a significant portion of samples 
record evolved values (Archibald et al., 2015) 
that are consistent with the values recorded 
by similarly aged grains in the Irumide and 
Southern Irumide belts. Few data are available 
for the 3.2 Ga population, although slightly 
evolved εHf(t) values were recorded for both 
regions (Archibald et al., 2015). As such, the 
results of this study are consistent with inter-
pretations of the southern and eastern margins 
of the Congo Craton were a source region for 
Archaean–Palaeoproterozoic detrital zircon 
found in central Madagascar. Plavsa et al. 
(2014) compared U–Pb and Hf isotope data 
from southern India to that available for the 
Congo Craton and central Madagascar, inter-
preting a correlation between units in each 
region that was later supported with the data 
obtained by Archibald et al. (2015). With the 
exception of the c. 3.2 Ga population, U–Pb 
age populations identified in this study are 
similarly present in those identified in sedi-
ments from southern India. Hf data is not 
available for c. 1.9 Ga zircon grains. For those 
belonging to older populations εHf(t) values 
range from approximately –5 to +10 and are 
predominantly juvenile (Plavsa et al., 2014). 
This is contrary to Hf data collected in this 
study, where sediments older than 2.0 Ga have 
evolved isotopic signatures. More data are re-
quired to thoroughly constrain the sediment 
sources in this region but the southern Congo 
margin could, at the very least, be a partial 
sediment source. 
Nyimba–Sinda Terrane
Sample Z14-05 was collected from the Nyim-
ba–Sinda Terrane, and displays age peaks at c. 
1.0 and 1.9 Ga. We interpret the 1.9 Ga popula-
tion to have been subjected to Pb loss, as such 
an upper concordia intercept of 2006 ± 77 Ma 
is used to characterise this peak. This age sug-
gests that this population may have been de-
rived from Usagaran phase granites, similar to 
the samples from the Chewore–Rufunsa and 
Kacholola terranes. Similarly, the 1.0 Ga popu-
lation is interpreted to have been subjected to 
Pb loss. We instead argue that the upper in-
tercepts show that the analyses formed a sin-
gle coherent population at c. 1.1–1.0 Ga (Fig. 
8d, e). This age indicates that the sample and 
associated sedimentary sequence represent a 
younger cover sequence post-dating orogen-
esis in the region at c. 1090–1020 Ma. Arc 
magmatism in the SIB has been shown to have 
occurred between c. 1095 and 1040 Ma (John-
son et al., 2006; Johnson et al., 2007b; Wester-
hof et al., 2008) and involved the contamina-
tion of juvenile material by silicic continental 
crust, typical of a continental-margin-arc set-
ting (Johnson et al., 2007b). On the basis of the 
age and isotopic nature of this magmatism, we 
suggest these intrusions provide an ideal sedi-
ment source for Z14-05. Other possible sedi-
ment sources can be found along the southern 
Congo margin, and further afield in Africa. 
Similarly aged (c. 1.1–1 Ga) sediments can be 
found in southern Zambia, as part of a suprac-
rustal sequence in the Zambezi Belt (Johnson 
et al., 2007a). These sediments are thought to 
have been deposited on the southern Congo 
margin, and sourced directly from underlying 
basement that could also represent a source 
for the Nyimba–Sinda sediments. Contempo-
raneous rocks in western Madagascar (Dab-
olava Suite; c. 1080–980 Ma) were recently in-
terpreted to represent oceanic arc relicts that 
were part of the same arc as the Irumide Belt 
at this time (Archibald et al., 2017). Juvenile 
εHf(t) values with only minor deflection to 
evolved values in conjunction with δ18O data 
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were interpreted to indicate the incorporation 
of young sedimentary or volcanic rocks into 
evolving juvenile c. 1080–980 Ma magmas 
(Archibald et al., 2017). The εHf(t) values ob-
tained in this study for similarly aged zircons 
are predominantly evolved, though two grains 
display juvenile values equivalent with those 
obtained by Archibald et al. (2017). As such, 
plutonic and volcanic rocks in western Mada-
gascar are unlikely to be the source for these c. 
1.1–1.0 Ga detrital zircons.
Palaeogeographic implications
The geochronological data gathered in this 
study for sedimentary rocks of the Chewore–
Rufunsa and Kacholola terranes strongly sug-
gests that they were derived from the same 
sources as the Muva Supergroup. Such a cor-
relation may indicate that—contrary to pre-
vious interpretations—the Chewore–Ruf-
unsa and Kacholola terranes of the SIB were 
depositionally connected and hence, adjacent 
to or in close proximity to the Irumide Belt. 
Such implications may extend to the terranes 
and complexes in Mozambique and Tanzania 
that are suggested to be a continuation of the 
SIB (Bingen et al., 2009a; Thomas et al., 2016; 
Westerhof et al., 2008). Previous interpreta-
Figure 9. Simplified diagram of the tectonic development of the Irumide and Southern Irumide belts along the 
southern margin of the Congo Craton from c. 1100 to 850 Ma. The left column displays the sequences of events 
along the southern Congo margin hypothesised by a model where the SIB formed on a microcontinent that sub-
sequently collided with the Irumide Belt (De Waele et al., 2006b; Karmakar and Schenk, 2016). The right column 
displays the sequence of events hypothesised by a model where the SIB initially formed along the southern Congo 
margin, and evolved in a similar fashion to the Andes (Ramos and Folguera, 2005).  
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Figure 10. Series of palaeogeographic cartoons showing the interpreted development of the southern Congo mar-
gin from c. 1100 to 500 Ma. The cartoons depict interpreted sequences of deposition, magmatism, and metamor-
phism in the SIB, culminating with pervasive overprinting as a result of the collision between the Congo and Kala-
hari cratons in the later stages of Gondwana amalgamation. The c. 750 Ma cartoon is linked to a palaeogeographic 
reconstruction for the Earth at this time, adapted from Merdith et al. (2017). Yg, Yangtze; Ca, Cathaysia; NC, 
North China; I, India; Az, Azania; A–A, Afif–Abas; NAC, North Australian Craton; SAC, South Australian Craton; 
Ma, Mawson; DML, Dronning Maud Land; L, Laurentia; G, Greenland; Ch, Chortis; SM, Sahara Metacraton; By, 
Bayuda; C, Congo; Ka, Kalahari; Bo, Borborema; SF, São Francisco; RDLP, Rio de la Plata; Am, Amazonia; Ba, 
Baltica; Si, Siberia.
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tions contradict this hypothesis, instead ar-
guing that the SIB collided with the southern 
Congo margin after forming on the Rushinga 
microcontinent (Fig. 9; Begg et al., 2009; John-
son et al., 2007b; Johnson et al., 2005). These 
alternative interpretations cite the likely pres-
ence of the Mwembeshi Shear Zone between 
the two belts (re-activating the suture between 
the belts), and their contrasting styles of meta-
morphism. However, rigorous pressure–tem-
perature estimates are not available for most 
regions in either belt, and recent estimates 
obtained for the Chipata Terrane instead ap-
pear to indicate that both the Irumide and 
Southern Irumide belts experienced similar 
pressures of metamorphism during the same 
period (Karmakar and Schenk, 2016), which 
may contradict the basis for these interpreta-
tions. As such, it remains a plausible scenario 
that at least the Zambian terranes of the SIB 
originally formed on the Congo margin and 
were available for sedimentation from Muva 
Supergroup sources, similar to sequences in 
the Irumide Belt (Fig. 10). This suggests that 
the Palaeoproterozoic basement of the SIB is 
the same basement to that of the Irumide Belt, 
and implies the SIB did not form on a discrete 
micro-continental mass that later collided with 
the southern Congo margin. The Luangwa 
Valley (and possibly Mwembeshi Shear Zone) 
located between the Irumide and Southern 
Irumide belts may instead reflect the site of 
thinned continental crust that experienced 
multiple periods of extension and contraction. 
We suggest an alternative model where the gap 
in magmatic ages recorded in the southern 
Irumide Belt (c. 1095–1040 Ma) and Irumide 
Belt (c. 1020 Ma) reflects the magmatic front 
migrating towards the foreland in response to 
a shallowing subduction zone. Such a feature 
is documented in the Andes (Fig. 9; Ramos 
and Folguera, 2005), with a spatial and tem-
poral gap (~100 km and 40 Ma) in magmatic 
fronts that is similar to that recorded in the 
Irumide and Southern Irumide belts. If rifting 
subsequently separated a micro-continental 
mass from the southern Congo margin (form-
ing the Rushinga Microcontinent), it would be 
equivalent to basement located on the south-
ern Congo Craton. The plausibility of these in-
terpretations are dependent on the remaining 
work to be done to constrain the relationship 
between the Irumide and Southern Irumide 
belts. 
Detrital zircons from Z14-05 indicate that 
this sample is part of a cover sequence present 
within the Nyimba–Sinda terrane that post-
dates the orogenic events occurring in the SIB 
and Irumide Belts between c. 1095 and 1020 
Ma (Johnson et al., 2007b). The extent of this 
cover sequence is unknown, though it ap-
pears to correlate with sedimentary rocks in 
northeast Mozambique and southern Tanza-
nia, which yield similar age populations and 
depositional constraints to the analysed sam-
ple (Fig. 10; Bingen et al., 2009a; Thomas et al., 
2016). This sequence likely includes the exten-
sive carbonates preserved in the Nyimba–Sin-
da Terrane, with marbles similarly preserved 
in southern Tanzania. The prominent c. 1.0 Ga 
age peak and isotopic nature of zircons from 
Z14-05 are consistent with SIB magmatism 
and possibly crustal melting in the Irumide 
Belt. Widespread Neoproterozoic gneiss oc-
curs within this terrane, in close association 
with the potentially rift related volcanic rocks 
(Barr and Drysdall, 1972; Johnson et al., 2006). 
This led Johnson et al. (2006) to speculate that 
this terrane could represent rifting between 
the Congo and Kalahari cratons. Similarly 
aged (714 ± 17 Ma) magmatism has been iden-
tified in northeast Mozambique (Bjerkgard et 
al., 2009), which is also interpreted as part of a 
continental rift related cover sequence (Bingen 
et al., 2009a). If these sequences do indeed have 
a rift related origin, then the timing of their 
formation supports the Neoproterozoic model 
of Merdith et al. (2017). These authors inter-
pret such rifting along the southern margin of 
the Congo Craton at this time, occurring as an 
extension of the spreading system that served 
to separate the Australian Plate from Laurentia 
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during the initial breakup of Rodinia (Fig. 10). 
CONCLUSIONS
Detrital zircons in metasedimentary rocks of 
the Chewore–Rufunsa and Kacholola terranes 
are Palaeoarchaean to Palaeoproterozoic in 
age and are derived from relatively evolved 
sources, reflecting the reworking of crustal 
material. These sedimentary protoliths were 
deposited between c. 1.8 and 1.1 Ga. Simi-
lar age peaks and isotopic characteristics of 
zircon grains from these western terranes of 
the SIB suggest that they correlate with the 
Muva Supergroup (or at least share the same 
sources). Whether the sedimentary protoliths 
reflect these terranes forming on the edge of 
the Congo Craton, or instead reflect the dep-
osition of sediments from the same sources 
on to an advancing Rushinga microcontinent 
that collided with the Congo Craton, remains 
unresolved. Further east in the SIB, detrital 
zircons in metasedimentary rocks of the Ny-
imba–Sinda Terrane show a marked difference 
in age, ranging from Palaeoproterozoic to Ne-
oproterozoic. The sedimentary protoliths here 
were deposited between c. 900 and 740 Ma, 
suggesting that this is a Neoproterozoic cover 
sequence with correlatives elsewhere within 
the SIB, in northeast Mozambique and south-
ern Tanzania. Detrital zircons of this terrane 
display U–Pb ages and εHf(t) values that sug-
gest that they are sourced from c. 1095–1040 
Ma continental-margin-arc magmatism in the 
SIB and possibly c. 1020 Ma crustal anatexis 
in the Irumide Belt. Age and depositional con-
straints indicate that these sedimentary pro-
toliths were deposited after magmatism and 
metamorphism in the Irumide and Southern 
Irumide belts. We suggest that this cover se-
quences, and its correlatives in Mozambique 
and Tanzania, reflect a history of Neopro-
terozoic extension that is intermittently re-
corded throughout the SIB. Such extension is 
interpreted to reflect rifting occurring on the 
southern margin of the Congo Craton during 
initial break up of Rodinia. This study serves to 
highlight the enigmatic development of much 
of the SIB, and its relationship to the Irumide 
Belt. Additional work is required to rigorously 
constrain the evolution of this region to de-
termine the tectonic implications for the de-
velopment of the southern Congo Craton and 
central Gondwana during the Neoproterozoic.
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INTRODUCTION
The Southern Irumide Belt (SIB) of Zambia 
(Fig. 1) consists predominantly of late-Meso-
proterozoic igneous rocks that bear a strong 
Ediacaran–Cambrian overprint, relating to 
collision between the Congo and Kalahari cra-
tons during Gondwana amalgamation. Locat-
ed adjacent to the Irumide Belt (sensu stricto; 
referred to as the Irumide Belt herein) of the 
Congo Craton, the SIB rocks record over one 
and a half billion years (c. 2000 to 500 Ma) 
of tectonic evolution of this margin (Collins 
and Pisarevsky, 2005; De Waele, Johnson and 
Pisarevsky, 2008; Merdith et al., 2017). This 
time span included the formation and break-
up of Rodinia, as well as the amalgamation of 
Gondwana. As such, these rocks can be used 
to understand what role the Congo Craton 
played in these events (De Waele, Johnson 
and Pisarevsky, 2008) and in the geodynam-
ic evolution of the Proterozoic (Merdith et 
al., 2019). In Zambia, the SIB is divided into 
a series of structurally stacked terranes (Fig, 
2), with the western-most terrane (Chewore–
Rufunsa) displaying the geochemical and 
isotopic characteristics of a c. 1100–1040 Ma 
continental-margin-arc (Johnson et al., 2007). 
The origin and evolution of the other terranes 
are suggested to be a continuation of this arc, 
or exotic island arcs that accreted at this time 
(Mapani et al., 2001; De Waele et al., 2006b; 
Johnson, De Waele and Liyungu, 2006; John-
son et al., 2007). Johnson et al. (2007) suggest 
that the SIB formed on a microcontinent that 
subsequently collided with the Irumide Belt 
at c. 1040 Ma. However, more recent models 
suggest that the SIB formed as an integral part 
of the southern Congo margin throughout the 
Palaeoproterozoic and Mesoproterozoic (Bin-
gen et al., 2009; Alessio et al., 2018). This later 
model is supported by the correlation of sedi-
mentary sequences located along this margin 
and within the SIB, which were deposited 
throughout the Palaeoproterozoic to Meso-
proterozoic (Alessio et al., 2018). Understand-
ing the origin and structural history of rocks 
throughout the SIB can help to validate these 
models and thereby allow for a better under-
standing of the evolution of this region. Here, 
we present new U–Pb, Lu–Hf, rare earth ele-
ment (REE) zircon and structural data from a 
transect crossing the Zambian terranes of the 
SIB, predominantly from the Chewore–Ru-
funsa and Chipata Terranes. These data are 
used to (1) understand the internal architec-
ture and evolution of the SIB and (2) compare 
this to the history of the Irumide Belt. 
GEOLOGICAL BACKGROUND
The Congo Craton is defined by De Waele, 
Johnson and Pisarevsky (2008) as the amalga-
mated central African landmass at the time of 
ABSTRACT
The Southern Irumide Belt (SIB) of Zambia records over one and a half billion years (c. 2000 
to 500 Ma) of tectonic evolution along the southern Congo Craton margin. To understand this 
evolution we present U–Pb, Lu–Hf, rare earth element zircon and structural data for the SIB of 
Zambia, which are used to investigate the formation and evolution of the SIB and its relation-
ship to the Irumide Belt of the southern Congo Craton. Orthogneiss in the Chewore–Rufunsa 
and Chipata terranes yield ages between c. 2040 to 2000 Ma, and are interpreted to represent ex-
posed basement underlying much of the SIB and equivalent to Irumide Belt basement. Detrital 
zircon data from the Chipata Terrane yield age populations and εHf(t) values that are equivalent 
to those from other terranes of the SIB and the Irumide Belt. The similarities between basement 
units and overlying sedimentary sequences in the SIB and Irumide Belt are supportive of the SIB 
forming on the southern Congo margin, rather than accreting to this margin during the late-
Mesoproterozoic. Subsequent structural deformation in this region are attributed to two phases 
of compression, a N–S directed compression during the late-Neoproterozoic to Cambrian, and 
a weaker E–W directed compression during the Phanerozoic.
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Gondwana assembly, and contains several Ar-
chean to Neoproterozoic tectonic units (Fig. 
1). The location of the southern margin of the 
Congo Craton in Zambia prior to the Neopro-
terozoic is debated: either it is located between 
the Irumide Belt and Southern Irumide Belt 
(e.g. De Waele et al., 2006b; Johnson et al., 
2007), or it is located south of the Southern 
Irumide Belt (Bingen et al., 2009; Alessio et al., 
2018, this study; Fig. 1).
Southern Irumide Belt
In Zambia, the SIB comprises four terranes re-
ferred to from west to east as: Chewore–Ruf-
unsa, Kacholola, Nyimba–Sinda and Chipata 
(Fig. 2; Mapani et al., 2004; Johnson, De Waele 
and Liyungu, 2006; Alessio et al., 2018). These 
terranes are bound by ductile shear zones of 
unconstrained age that are suggested to re-
cord their imbrication (Johns et al., 1989; 
Johnson, De Waele and Liyungu, 2006). Sub-
sequent work identified a series of complexes 
throughout northern Mozambique and South-
Figure 1. Simplified tectonic map of central Africa adapted from Alessio et al. (2018) following Hanson (2003) and 
Karmakar and Schenk (2016). The extent of the Congo and Kalahari cratons are denoted by the black dashed lines. 
Note the two different interpretations for the southern Congo Craton margin between the IB and SIB (see text for 
further explanation). Abbreviations: ANG, Angola Block; BB, Bangweulu Block; CKB, Choma-Kalomo Block; IB, 
Irumide Belt; K, Kimezian; KB, Kibaran Belt; KC, Kunene Complex; KhB, Kheis Belt; LB, Limpopo Belt; MB, Ma-
gondi Belt; MozB, Mozambique Belt; OI, Okwa Inlier; RT, Richtersveld Terrane; SIB, Southern Irumide Belt; UbB, 
Ubendian Belt;  UsB, Usagaran Belt; WCB, West Congo Belt; ZB, Zambezi Belt.
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ern Tanzania that are similar in age and tec-
tonic history to the Zambian terranes, and 
are likely an extension of the SIB (Bingen et 
al., 2009; Hauzenberger et al., 2014; Thomas et 
al., 2016). The rocks within these terranes bear 
a prominent Ediacaran–Cambrian overprint 
that reflects collision between the Congo and 
Kalahari cratons during Gondwana amalga-
mation at c. 550 to 530 Ma (Oliver et al., 1998; 
Collins and Pisarevsky, 2005; De Waele et al., 
2006b; Merdith et al., 2017).
Chewore–Rufunsa
The Chewore–Rufunsa Terrane is largely com-
posed of Mesoproterozoic orthogneiss and 
metasediments (Fig. 2). Johnson et al. (2007) 
obtained zircon U–Pb, Lu–Hf, whole-rock 
REE and Sm–Nd data for meta-igneous rocks 
in the southern part of the Chewore–Rufunsa 
Terrane. These data were used to argue that the 
terrane formed in a continental-margin-arc 
setting, on a juvenile Palaeoproterozoic base-
ment. Detrital zircon data from a quartzite in 
this region yields Archaean to Palaeoprotero-
zoic age populations, equivalent to those in the 
Muva Supergroup found throughout eastern 
Zambia (Alessio et al., 2018). Rocks through-
out this terrane record a late-Mesoprotero-
zoic metamorphic fabric that increases from 
greenschist in the northern part of the terrane 
Figure 2. Simplified geological map of eastern Zambia adapted from Alessio et al. (2018) following Johnson, De 
Waele and Liyungu (2006), with geological units distinguished for the SIB (outlined in red) in Zambia and Mo-
zambique. Samples analysed in this study are located on the map, with samples Z14-01, Z14-02, Z14-05 and Z14-
17 from Alessio et al. (2018) also shown in italics. Available age and isotopic data for the Irumide and Southern 
Irumide belts of Zambia (Johnson, De Waele and Liyungu, 2006; Johnson et al., 2007; De Waele et al., 2009) are 
also plotted on the map. Lithological data for Zambia are adapted from the Geological Survey of Zambia (Agar, 
1984; Ray, 1984; Vayrda, 1984) and Johnson, De Waele and Liyungu (2006). Lithological data for Mozambique is 
adapted from Westerhof et al. (2008). Shading for Malawi and tectonic units outside of the SIB and Malawi follow 
the legend in Figure 1. The Great East Road, along which samples and structural measurements were collected, is 
marked by the blue line.
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to granulite facies in the south, and are over-
printed by broadly E–W trending Neoprote-
rozoic structural fabrics (Johnson, De Waele 
and Liyungu, 2006; Johnson et al., 2007). 
High-pressure metamorphic overprinting is 
observed in the southern part of this terrane, 
which can be similarly observed in the adja-
cent Zambezi Belt and was generated during 
the late-Neoproterozoic Congo–Kalahari col-
lision (Johnson and Oliver, 1998; John et al., 
2004; Alessio and Kelsey, 2018).
Kacholola
The Kacholola Terrane predominantly con-
tains Mesoproterozoic metasediments, with 
limited exposures of Mesoproterozoic orthog-
neiss (Fig. 2). Limited data are available from 
this terrane, though the metasediments here 
have been shown to be equivalent to that pre-
served in the adjacent Chewore–Rufunsa Ter-
rane (Johnson, De Waele and Liyungu, 2006; 
Alessio et al., 2018). Metasediments here are 
suggested to predominantly record amphi-
bolite facies assemblages, though the timing 
of this metamorphism is unconstrained. The 
Kacholola Terrane is suggested to have expe-
rienced top to the WNW thrusting over the 
Chewore–Rufunsa Terrane, though the timing 
of this event is unknown (Johnson, De Waele 
and Liyungu, 2006).
Nyimba–Sinda
The Nyimba–Sinda Terrane is distinct from 
the other Zambian SIB terranes, being com-
prised of Neoproterozoic gneiss, carbonates, 
calc-silicates and Cambrian granites (Fig. 2). 
A metasedimentary rock from this terrane 
yielded Palaeoproterozoic to Mesoproterozoic 
detrital zircon populations, suggesting that 
sediments in this terrane form a rift-related 
cover sequence that was deposited between c. 
900 and 740 Ma, and sourced from magmatic 
units within the SIB (Alessio et al., 2018). Ne-
oproterozoic lithologies in this terrane record 
late-Neoproterozoic to Cambrian amphibolite 
facies overprints and NE–SW trending struc-
tural fabrics, though the widespread Cambrian 
granites show little to no evidence of deforma-
tion (Johns et al., 1989; Johnson, De Waele and 
Liyungu, 2006). 
Chipata
The Chipata Terrane is predominantly com-
prised of Mesoproterozoic granite, gneiss and 
charnockite (Fig. 2). Currently no detrital 
zircon data are available for this terrane. This 
terrane records a high-grade, late-Mesoprote-
rozoic tectonometamorphic fabric that reflects 
pressure–temperature conditions of ~5–6 kbar 
and 900–1000 °C (Karmakar and Schenk, 
2016), likely hotter than the overprints re-
corded in the other SIB terranes (Johnson, 
De Waele and Liyungu, 2006). In some areas, 
this has been overprinted by lower-grade Neo-
proterozoic metamorphism (Karmakar and 
Schenk, 2016). Johns et al. (1989) identified 
a series of deformation events in this region, 
involving N to NE trending, tight to isoclinal 
folds. The age of this deformation was sug-
gested to range from Palaeoproterozoic to 
Cambrian in age, though much of this timing 
is incompatible with the late–Mesoproterozoic 
protolith age of rocks in this terrane. 
Irumide Belt
The Irumide Belt is located to the north-west 
of the SIB (Fig. 1), and is a NE–SW trending 
Mesoproterozoic orogen comprised of Pal-
aeoproterozoic granitic basement, metasedi-
mentary units of the Muva Supergroup, and 
granitoid intrusions (Daly, 1986; De Waele et 
al., 2006a; De Waele et al., 2009). Deformation 
in the belt is interpreted to have occurred at 
c. 1020 Ma and involved amphibolite-facies (7 
to 8 kbar and ~650 °C) metamorphism, large-
scale structural overprinting, and intrusion of 
primarily calc-alkaline granitoids (De Waele, 
2004; De Waele et al., 2006a). Notably, this belt 
lacks the pervasive Ediacaran–Cambrian tec-
tonometamorpic overprint recorded in the SIB 
(De Waele et al., 2009). De Waele et al. (2006b) 
obtained Sm–Nd isotopic data for granitoids 
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across the belt. These authors noted a lack of 
juvenile material and interpreted this to sug-
gest that the Irumide Belt formed a passive 
margin prior to c. 1040 Ma, and acted as the 
boundary of the Congo Craton. These authors 
inferred that the coeval active margin was fur-
ther to the present-day south and is represent-
ed by the SIB.
METHODS
Structural data and samples for geochronol-
ogy and geochemistry (Table 1) were collected 
along a W–E transect across all four terranes of 
the Zambian SIB, predominantly following the 
Great East Road from Lusaka to Chipata (Fig. 
2). Structural data are plotted on lower-hem-
isphere equal-area stereographic projections. 
Zircon trace element and isotopic data were 
acquired at the John de Laeter Centre, Curtin 
University (Western Australia). Whole-rock 
geochemical analyses of granite samples Z16-
33, Z16-50, and Z16-51 were undertaken us-
ing X-ray fluorescence (XRF) at Franklin and 
Marshall College (United States).
Zircon analysis
Trace element and isotopic data were obtained 
from separated zircon grains that were extract-
ed from crushed rocks using standard magnet-
ic and heavy liquid techniques. Zircon sepa-
rates were hand-picked, mounted in epoxy 
resin and then polished to expose the grains. 
The grains were imaged on an FEI Quanta 600 
Scanning Electron Microscope (SEM) using 
a Gatan cathodoluminescence (CL) detector 
to identify compositional domains that were 
suitable for analysis. Zircon grains were ana-
lysed for U–Pb isotopes and trace elements via 
split stream LA–ICP–MS, using a Resonetics 
RESOlution laser ablation system connected 
to an Agilent 7900 quadrupole mass spec-
trometer and a Nu Instruments Nu Plasma 
II multi-collector. U–Pb isotopes were meas-
ured using MC–ICP–MS, while trace elements 
were measured in tandem using quadrupole 
ICP–MS. Ablation of zircon was performed in 
a He atmosphere with a frequency of 5 Hz. A 
spot size of 30 μm was used for all analyses.  A 
total acquisition time of 80 seconds was used 
consisting of 10 seconds of spot pre-ablation, 
40 seconds of background acquisition and 30 
seconds of sample ablation. The Standard GJ 
(206Pb/238U = 608.5 ± 0.4 Ma; Jackson et al. 
(2004)) was used as the primary standard for 
all zircon analyses, while Plešovice (206Pb/238U 
= 337.13 ± 0.37 Ma; Sláma et al. (2008)) and 
91500 (206Pb/238U = 1065.4 ± 0.6 Ma; Wieden-
beck et al. (1995)) were used as secondary 
standards. Standard glass NIST SRM 610 was 
used during trace element analysis as a refer-
ence material for corrections to mass bias drift. 
Throughout this study Plešovice yielded a 95% 
concordant average 206Pb/238U age of 340.1 ± 
3.4 Ma (2σ, n = 10), 91500 yielded a 95% con-
cordant average 206Pb/238U age of 1061.6 ± 3.4 
Ma (2σ, n = 20). Zircon data were reduced us-
ing IOLITE (Paton et al., 2011).
Lu–Hf isotope analysis in zircon was conduct-
ed using the Nu Plasma II multi-collector, with 
no split streaming to the quadrupole ICP–MS. 
Sample number Latitude (S) Longitude (E) Description Analytical data presented
Chewore-Rufunsa Terrane 
Z16-26 14° 59' 09" 29° 59' 11" Quartz-K feldspar-Biotite-Garnet gneiss Zircon U-Pb, Lu-Hf, REE
Z16-27 14° 59' 09" 29° 59' 11" Plagioclase-Quartz-Biotite gneiss Zircon U-Pb, Lu-Hf, REE
Kacholola Terrane
Z16-52 14° 53' 24" 30° 36' 09" Quartz-K feldspar-Plagioclase gneiss Zircon REE
Nyimba Sinda Terrane
Z16-33 14° 18' 06" 31° 32' 09" Granite Zircon Lu-Hf and whole-rock geochemistry
Z16-50 14° 14' 08" 31° 41" 48' Granite Zircon U-Pb, REE and whole-rock geochemistry
Z16-51 14° 19" 16' 31° 15" 32' Granite Whole-rock geochemistry
Chipata Terrane
Z16-35 13° 59" 38' 32° 08" 04' Quarzite Zircon U-Pb, Lu-Hf, REE
Z16-40 13° 42" 25' 32° 29" 21' Quartz-K feldspar-Plagioclase-Garnet gneiss Zircon U-Pb, Lu-Hf, REE
Z16-41 13° 40" 23' 32° 32" 57' Clinopyroxene charnockite Zircon U-Pb, Lu-Hf, REE
Z16-42 13° 40" 23' 32° 32" 57' Clinopyroxene-Garnet charnockite Zircon U-Pb, Lu-Hf, REE
Z16-45 13° 52" 53' 32° 22" 22' Biotite granite Zircon REE
Table 1. Summary of samples analysed in this study.
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Zircons were ablated in a helium atmosphere, 
which was mixed with argon upstream of the 
ablation cell. Individual analyses consisted of 
two cleaning pulses, followed by 40 seconds 
of background acquisition and 20 seconds of 
sample ablation with a 10 Hz repetition rate, 
and beam intensity of ~2.8 to 3 J/cm2. A spot 
size of ~50 μm was used, and was centred over 
previously ablated U–Pb and trace element 
spots. Data were normalised to 179Hf/177Hf = 
0.7325, Yb and Lu isobaric interferences on 
176Hf were corrected for following the meth-
odology of Woodhead et al. (2004). Reduction 
of Lu–Hf data was done using IOLITE (Pa-
ton et al., 2011). Known standards were run 
throughout the analytical session to verify the 
stability and performance of the instrument. 
The primary standard used for Hf isotopes was 
Mud Tank, which yielded a mean 176Hf/177Hf 
ratio of 0.282506 ± 0.00001 (2σ, n = 29). This 
is within uncertainty of the known value of 
0.282507 ± 0.000006 provided by Woodhead 
and Hergt (2005). 
RESULTS
Zircon U–Pb and Lu–Hf isotopes
A series of samples from the Chewore–Rufun-
sa, Nyimba–Sinda and Chipata terranes of the 
SIB were analysed for their U–Pb and Lu–Hf 
isotopes (Table 1; Fig. 2). Attempts were made 
to obtain similar data from the Kacholola ter-
rane, though the obtained data are poor and as 
a result are not presented. 
Z16-26: Chewore–Rufunsa gneiss
Sample Z16-26 is a felsic orthogneiss obtained 
from the Chewore–Rufunsa terrane, approxi-
mately 40 km NE of Rufunsa along the Great 
East Road (Fig. 2). From this sample, 23 zircon 
analyses were obtained. Eleven of them are ≥ 
90 % concordant and display variable ages be-
tween c. 2670 and 2030 Ma (Figure 3a). The six 
youngest of these appear to display a Pb loss 
trend with an upper intercept age of 2035 ± 25 
Ma (N = 6; MSWD = 7). While there is signifi-
cant uncertainty in this calculated age due to 
the high MSWD and relatively few grains used 
to produce this upper concordia intercept, we 
interpret these analyses to broadly represent 
the crystallisation of the igneous protolith to 
this sample, with the older grains represent-
ing inherited grains. Obtained εHf(t) values 
for this sample are displayed in Figure 4a and 
are predominantly evolved (reflecting the re-
cycling of crustal material as opposed to being 
mantle derived) for the grains that are inter-
preted to have crystallised with the protolith, 
ranging from approximately –2 to –10. Grains 
that are interpreted as inherited are plotted at 
their individual crystallisation ages, and are 
again isotopically evolved. The oldest analysed 
grain at c. 2.7 Ga is the most juvenile, with an 
upper error limit of approximately +2. 
Z16-27: Chewore–Rufunsa intrusive
Sample Z16-27 is from a granodiorite that 
intrudes the orthogneiss represented by sam-
ple Z16-26. Forty-one analyses were obtained 
from this sample, with 23 being ≥ 90 % con-
cordant. The concordant analyses are dis-
played in Figure 3b, and demonstrate a simi-
lar range of ages to those recorded in the host 
gneiss. The five oldest analyses ranging from c. 
2670 to 2170 Ma are interpreted as inherited, 
while the younger analyses are likely forming a 
Pb loss trend that relates to the crystallisation 
of the rock. The 13 youngest analyses produce 
an upper intercept age of 2000 ± 9 Ma (N = 13; 
MSWD = 4.3; Fig 3b). This in interpreted as a 
broad estimate of the crystallisation age of this 
rock that is consistent with the context of the 
rock, which intrudes the older gneiss (Z16-26). 
εHf(t) values (Fig. 4a) for grains interpreted to 
have crystallised with the rock range from +4 
to –14 and are more variable than those ana-
lysed from the host gneiss (Z16-26), extending 
to more juvenile values. The two oldest inher-
ited grains in this sample are the most juvenile, 
with εHf(t) values ranging from approximately 
+11 to +2.
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Figure 3. U–Pb concordia diagrams for zircon in samples from the SIB. Only analyses with concordance ≥ 90 % are 
plotted. Analyses used for final age calculation are shaded in grey, with interpreted Pb loss chord indicated by the 
dashed line. a) Sample Z16-26 from the Chewore–Rufunsa Terrane. b) Sample Z16-27 from the Chewore-Rufunsa 
terrane. c) Sample Z16-50 from the Nyimba-Sinda terrane. Inset displays individual 206Pb/238U ages, with ages used 
in final age calculation shaded grey for zircon cores and black for zircon rims. d) Sample Z16-40 from the Nyimba-
Sinda terrane. e) Sample Z16-41 from the Chipata terrane. Inset displays 207Pb/206Pb ages, with ages used in final age 
calculation shaded black. d) Sample Z16-42 from the Chipata terrane. Inset displays 207Pb/206Pb ages, with ages used 
in final age calculation shaded black.
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Figure 4. εHf(t) versus U–Pb age plots with uncertainties for age and εHf(t) values are shown at the 2σ level. The 
depleted mantle curve of Griffin et al. (2002) is plotted. a) εHf(t) versus U–Pb age plot for zircon samples recording 
crystallisation or protolith ages. εHf(t) values are plotted at the interpreted crystallisation age for each sample, with 
the exception of grains interpreted as inherited in samples Z16-26 and Z16-27. b) εHf(t) versus U–Pb age plot for 
detrital zircon sample Z16-35 from the Chipata terrane. Also plotted are additional detrital zircon data obtained by 
Alessio et al. (2018) from the Irumide Belt (IB) and SIB.
Z16-50 and Z16-33: Sinda Granite
A sample of the post-tectonic Sinda Granite 
(Z16-50) was obtained from the Nyimba-Sinda 
terrane, approximately 7 km west of Sinda vil-
lage (Fig. 2). From 62 obtained analyses, only 
six were ≥ 90% concordant and are displayed 
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in Figure 3c. Two of the concordant analyses 
were obtained from zircon rims that display 
no discernible age difference to the concordant 
cores. The oldest of these concordant analyses 
is interpreted to represent inheritance, and has 
been excluded from age calculations. The re-
maining five analyses yield a weighted average 
206Pb/238U age of 498 ± 3 Ma, with an MSWD 
of 0.76. Such an age is within error of previous 
values (504 ± 7 Ma) provided by Johnson, De 
Waele and Liyungu (2006), and is interpreted 
as a reliable estimate of the crystallisation age 
of this sample. An additional sample (Z16-33) 
of this granite was dated, though yielded in-
sufficient concordant data to produce a rigor-
ous age constraint. Using the calculated age of 
497.9 Ma, the εHf(t) values recorded by this 
sample (Fig. 4a) are the lowest obtained in the 
study, being highly evolved and ranging from 
–12 to –23. 
Z16-40: Chipata gneiss
Z16-40 was obtained from a felsic orthogneiss 
within the Chipata terrane, approximately 20 
km SW of Chipata along the Great East Road 
(Fig. 2). Sixty-one analyses were obtained for 
this sample, with 22 being ≥ 90% concordant. 
The concordant analyses are plotted in Figure 
3d, from these analyses, 18 are interpreted to 
form a distinct Pb loss trend. The remaining 
four analyses reflect inheritance between 2140 
and 2060 Ma. A calculated upper intercept of 
the 18 analyses defining the main Pb loss trend 
yields an age of 2009 ± 30 Ma with an MSWD 
of 11, which is interpreted as the crystallisa-
tion age of the igneous protolith. Lu–Hf data 
were obtained for zircon grains interpreted to 
have formed with the protolith (Fig. 4a), and 
yield broadly evolved εHf(t) values that range 
from approximately +2 to –7.
Z16-41: Chipata Charnockite
Sample Z16-41 is from a charnockite of the 
Chipata terrane located approximately 10 km 
west of Chipata along the Great East Road 
(Fig. 2). Sixty analyses were obtained from 
this sample, with 56 being ≥ 90 % concordant 
(Fig. 3e). The range of individual 206Pb/238U 
grain ages span from 1054 ± 67 Ma to 988 ± 21 
Ma. Fifty-four analyses yield a weighted mean 
206Pb/238U age of 1027 ± 6 Ma (MSWD = 4.2). 
A 207Pb/206Pb age, instead, yields a slightly old-
er age of 1040 ± 5 Ma with a better MSWD of 
1.4. This suggests that the zircons may reflect 
small amounts of modern Pb loss and as such 
this 207Pb/206Pb age is taken as the best estimate 
of the crystallisation of the charnockite proto-
lith.  The obtained εHf(t) values for this sam-
ple range from approximately +7 to 0 (Fig. 4a) 
with most analyses plotting at approximately 
+4.
Z16-42: Chipata Charnockite
Z16-42 is from a charnockite obtained from 
the same area as charnockite sample Z16-41. 
Sixty analyses were obtained for this sample, 
of which 55 were ≥ 90 % concordant. The con-
cordant analyses are presented in Figure 3f 
and are similar to those from sample Z16-41. 
Individual 206Pb/238U grain ages in this sam-
ple range from 1080 ± 22 Ma to 980 ± 19 Ma, 
largely overlapping the previous sample. Much 
like the previous sample a spread of ages is 
apparent and because of this we consider the 
207Pb/206Pb to provide a more reliable age esti-
mate. Inspection of the 207Pb/206Pb ages result-
ed in the exclusion of the five oldest and two 
youngest ages due to being inherited or sub-
jected to Pb loss, respectively. The remaining 
48 analyses yield a weighted average 207Pb/206Pb 
age of 1039 ± 6 Ma (MSWD = 1.2), which is 
taken as the best estimate of a single crystal-
lisation age and is within error of the calcu-
lated age for sample Z16-41. εHf(t) values for 
this sample (Fig. 4a) are nearly identical to the 
previous charnockite sample, ranging from 
approximately +7 to 0  and most samples plot-
ting at +3.
Z16-35: Chipata Quartzite
A sample of quartzite was selected approxi-
mately 10 km NE of Katete along the Great 
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East Road within the Chipata Terrane (Fig. 2). 
U–Pb analyses were performed in 164 detri-
tal zircon cores (Fig. 5a). Amongst them, 112 
analyses were ≥ 90 % concordant, and ranging 
in age from 2992 ± 19 Ma to 1434 ± 22 Ma. 
The Kernel Density Plot (KDP) for this sample 
(Fig. 5b) displays prominent peaks at c. 2030, 
1910 and 1790 Ma. From the analysed grains, 
the youngest ≤ 10 % discordant analysis yield-
ed a 207Pb/206Pb age of 1434 ± 22 Ma (2σ uncer-
tainty) that is interpreted to represent an esti-
mate of the maximum depositional age of this 
sample. Hafnium data for 30 of the c. 2100–
1600 Ma analyses are presented in Figure 4b. 
Obtained εHf(t) values for this sample are all 
negative with none of the analyses being with-
in error of a positive value. The overall range 
of εHf(t) values range from approximately –3 
to –17.
Geochemistry
Zircon trace element composition
Rare earth element (REE) data were obtained 
for zircon samples from each terrane of the 
SIB. Zircons from variably deformed igne-
ous lithologies of the Chewore–Rufunsa, Ny-
imba–Sinda and Chipata terranes display REE 
concentrations typical of zircon from a wide 
range of lithologies and tectonic environments 
(Hoskin and Ireland, 2000). All samples ana-
lysed from these terranes display a general 
increase in elemental abundance with increas-
Figure 5. U–Pb concordia diagrams and Kernel Density Plots (KDPs) for detrital zircon in quartzite sample Z16-35 
from the Chipata terrane. a) Concordia diagram. Analyses with concordance ≥ 90 % are shaded grey. b) KDPs with 
207Pb/206Pb ages plotted for all analyses in light grey and analyses with concordance ≥ 90 % in dark grey. Outlines 
of detrital zircon data from Alessio et al. (2018) for the  Irumide Belt (KAS, MA6 and IL14) and SIB (Z14-01 and 
Z14-02, Z14-17) are shown by the coloured distributions. Likely sources are indicated by the dashed lines.
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ing atomic mass. Sample Z16-50 from the 
Cambrian Nyimba–Sinda granite addition-
ally includes analyses indicating a negative Sm 
anomaly that is distinct from all other samples. 
Nyimba–Sinda granite
Major and trace element geochemistry were 
obtained for three samples of granite from 
the Nyimba–Sinda Terrane, two of which 
were fine-grained (Z16-33 and Z16-51) and 
the third being coarser-grained (Z16-50). All 
samples were identified as A-type granites us-
ing the K2O + Na2O differentiation scheme 
of Whalen, Currie and Chappell (1987). All 
samples display trace element concentrations 
that indicate decreasing elemental abundance 
with increasing atomic mass, with the fine-
grained samples displaying negative anoma-
lies in Th, Nb, and Y. Z16-51, additionally, 
displays a unique positive Sr anomaly. The 
coarse-grained sample displays broadly simi-
lar concentrations to the fine-grained samples, 
though with an overall higher abundance. No-
tably, this sample displays positive Th and Y 
anomalies as opposed to the negative anoma-
lies visible in the other samples. 
Structural geology
Structural data were obtained from an E–W 
transect of the SIB in order to constrain the 
broad-scale structural overprints recorded. 
Measurements were taken along the Great East 
Road. Foliation (gneissic and schistose) meas-
urements were largely taken from the Meso-
proterozoic orthogneiss and metasediments 
found throughout the SIB. Original bedding 
was observed a number of times in psammitic 
and quartzitic layers of the Mesoproterozoic 
metasediments, and is generally consistent 
with nearby foliation. Crenulation cleavages 
were measured from metapelite layers in the 
Chewore–Rufunsa Terrane and intersect folia-
tions in these rocks. Recorded lineations are 
mineral lineations, likely parallel to related 
fold axes. The data are presented in Figure 6, 
in conjunction with structural measurements 
obtained during the mapping campaigns of 
the GTK consortium (Manninen et al., 2006) 
and the Geological Survey of Zambia (Agar, 
1984; Ray, 1984; Thieme, 1984; Vayrda, 1984). 
Due to the density of measurements from 
other studies, representative values have been 
projected (moved north or south) onto equal-
ly spaced E–W lines. Bedding, foliation and 
cleavage measurements from the Chewore–
Rufunsa terrane (Fig. 6c) strike broadly E–W. 
A significant number of broadly N–S striking 
foliation measurements were also obtained. 
Similarly, mineral lineation measurements are 
dominantly E–W plunging, though a num-
ber of SE plunging lineations were recorded. 
Bedding and foliation measurements from the 
Kacholola terrane (Fig. 6d) are generally shal-
low dipping and predominantly E–W striking, 
though several N–S striking measurements are 
also recorded. A number of NE to E plunging 
mineral lineations were recorded in this ter-
rane, in addition to a number of consistently 
NW plunging measurements and a single SE 
measurement. Bedding and foliation meas-
urements obtained from the Chipata terrane 
(Fig. 6e) are broadly similar to those from the 
Kacholola terrane, though a number of more 
steeply dipping (> 70°), approximately N–S 
striking, measurements were also recorded. 
All recorded mineral lineations from this ter-
rane are approximately north-plunging, often 
at an angle of ~40°. The obtained data are used 
to extrapolate bedding and foliation trends 
throughout the SIB (Fig. 6a), incorporating 
the previous trends identified by Johns et al. 
(1989). These trends agree well with structures 
observed on available satellite imagery and 
are indicative of two phases of regional fold-
ing (Fig. 6b). The first phase (F1) is identified 
as series of broadly NE–SW trending folds, 
which can be interpreted to extend from the 
Chewore–Rufunsa Terrane across terrane 
boundaries through to the Chipata terrane 
and further beyond. In the Chipata Terrane, 
early work by Johns et al. (1989) described the 
folds generated in this phase as tight to isocli-
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nal, which is broadly consistent with the avail-
able data for the other terranes that indicate 
close to tight folding. Structural trends relat-
ed to these folds agree well between terranes, 
which are bound by ductile shear zones that 
in many instances conform to the interpreted 
structural trend. One exception exists between 
the southern shear zone between the Nyim-
ba–Sinda and Chipata terranes that contin-
ues into Mozambique, though this may reflect 
the inaccuracy of interpreted shear zones in 
that region. The second phase of folding (F2) 
is indicated by a series of approximately N–S 
trending folds that do not cross any of the ter-
rane boundaries, though their presence in each 
terrane suggests that they were formed after 
their amalgamation. These folds, being open 
and lower amplitude than those attributed to 
F1 folding are suggested to overprint the more 
prominent NE–SW trending F1 folds. Both F1 
and F2 folds are developed in Neoproterozoic 
gneisses of the Nyimba–Sinda Terrane, imply-
ing that these structures post-date the proto-
lith age for the gneiss of c. 760–730 Ma.  
Figure 6. Structural diagram of the Zambian SIB terranes. a) Structural map displaying representative measure-
ments obtained in this study, as well as measurements previously obtained by the Geological Survey of Zambia 
and GTK mapping consortium (Agar, 1984; Ray, 1984; Thieme, 1984; Vayrda, 1984; Manninen et al., 2006). The 
dashed blue lines represent foliation strike trends interpreted from the available structural data, satellite imagery 
and previous interpretations of Johns et al. (1989). b) Interpreted axial plane traces throughout the SIB. The blue 
lines reflect approximately N–S trending folds, while the orange lines reflect a separate phase of broadly NE–SW 
trending folds. c) Stereonets displaying structural data (Poles to foliation and bedding, poles to cleavage, mineral 
lineations) obtained from the Chewore–Rufunsa Terrane during this study. d) Stereonets displaying structural data 
(Poles to foliation and bedding, mineral lineations) obtained from the Kacholola terrane during this study. e) Ste-
reonets displaying structural data (Poles to foliation and bedding, mineral lineations) obtained from the Chipata 
Terrane during this study. 
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DISCUSSION
Age and origin of SIB terranes
Chewore–Rufunsa
U–Pb data from an orthogneiss as well as an 
intruding granodiorite from the Chewore–Ru-
funsa Terrane yield upper concordia intercepts 
of 2035 ± 25 Ma and 2000 ± 9 Ma, respectively 
(Fig. 3a,b). Both obtained ages are interpreted 
as crystallisation ages and indicate the pres-
ence of Palaeoproterozoic basement in this ter-
rane. Similar ages were previously obtained by 
Johnson et al. (2007) from orthogneiss located 
in the southern Chewore–Rufunsa Terrane. 
However, these were interpreted as xenocryst 
ages and accompanied by analyses yielding 
crystallisation ages of c. 1050 to 1100 Ma. More 
recently, Palaeoproterozoic detrital cores were 
also identified in quartzite from the Chewore–
Rufunsa and Kacholola terranes (Alessio et al., 
2018). As such the dated lithologies could rep-
resent exposed Palaeoproterozoic basement in 
the northern Chewore–Rufunsa Terrane that 
is broadly equivalent in age to some of the old-
est magmatism in the Irumide Belt (De Waele 
et al., 2006b). Predominantly negative εHf(t) 
values suggest the analysed rocks to be isotopi-
cally evolved (Fig. 4a), similar to the Irumide 
Belt, and reflect the reworking of existing ma-
terial with minor mantle input. 
Nyimba–Sinda
The Nyimba–Sinda Terrane uniquely con-
tains widespread Neoproterozoic to Cambrian 
granites and gneiss. While late-Mesoprotero-
zoic and Palaeoproterozoic ages have been ob-
tained from rocks in this terrane, they are far 
less widespread (Figs. 2, 7). A U–Pb crystal-
lisation age of 498 ± 3 Ma was obtained for the 
Sinda Granite (Fig. 3c), within error of previ-
ous estimates obtained by Johnson, De Waele 
and Liyungu (2006). Major and trace element 
geochemistry obtained for the granite con-
firms it to be an A-type granite that intruded 
post Congo–Kalahari collision. εHf(t) values 
(Fig. 4a) suggest little mantle input and that 
the rock largely reflects the reworking of pre-
existing material within the terrane. While the 
isotopic nature of Palaeoproterozoic basement 
in this terrane is yet to be identified, the highly 
evolved εHf(t) values recorded by this sample 
would be consistent with the reworking of Pal-
aeoproterozoic basement similar to that iden-
tified in the Chewore–Rufunsa and Chipata 
terranes (Fig. 4a).
Chipata
The U–Pb analyses obtained from an orthog-
neiss within the Chipata Terrane (Fig. 3d) give 
an upper intercept age of 2009 ± 30 Ma. This 
obtained age is within error of the protolith 
ages of the samples from the Chewore–Rufun-
sa Terrane. Additionally, this age is consistent 
with previous Palaeoproterozoic ages obtained 
by Johnson, De Waele and Liyungu (2006) for 
the Chipata Terrane. As such, this sample may 
similarly reflect exposed SIB basement within 
the Chipata Terrane (Fig. 7). εHf(t) values re-
corded by this sample are broadly equivalent 
to the similarly aged rocks in the Chewore–
Rufunsa Terrane (Fig. 4a). As such, this rock 
likely reflects crustal reworking with relatively 
minor mantle input. Obtained U–Pb data for 
charnockites within the Chipata Terrane yield 
weighted average ages of c. 1040 Ma (Fig. 3e,f). 
Karmakar and Schenk (2016) speculated that 
the charnockites may be been coeval with 
1031 to 1013 Ma high-temperature to ultra-
high-temperature metamorphism recorded 
in metapelites from this terrane, and if mag-
matic in origin provided a partial heat source 
for metamorphism. No association is observed 
between orthopyroxene and either K-feldspar 
or biotite, with the latter not being present in 
the samples, suggesting little textural evidence 
for the charnockites being metamorphosed 
(Touret and Huizenga, 2012). As such, we sug-
gest that the obtained data reflect magmatic 
crystallisation in both samples at c. 1040 Ma. 
Notably, this implies that the charnockites 
crystallised c. 10 m.y. prior to the HT to UHT 
metamorphism recorded in the Chipata ter-
rane. The charnockites yield positive εHf(t) 
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values (Fig. 4a) and are suggested to have a ju-
venile origin, with little crustal input. While a 
small number of juvenile analyses have been 
previously obtained from zircons within the 
SIB, particularly from c. 2000 Ma inherited zir-
cons (Johnson, De Waele and Liyungu, 2006; 
Johnson et al., 2007), these are among the first 
c. 1000 Ma juvenile lithologies reported from 
the SIB. 
The detrital sample from the Chipata Terrane 
(Fig. 5) yielded a maximum depositional age 
of 1434 ± 22 Ma. The relationship between 
this quartzite sample and the granulite facies 
gneisses within the Chipata Terrane is unclear 
(Fig. 2). If the sediments forming the parag-
neisses that are part of this lithological unit 
share a similar depositional history, then the 
minimum depositional age of these rocks 
would be constrained by the age of biotite 
granites that have been observed to intrude 
them (Vayrda, 1984). As such, the oldest ob-
tained age of 1058 ± 34 Ma for biotite granites 
in the Chipata Terrane may provide a broad 
constraint on the minimum depositional age 
of the sample. The detrital populations ob-
tained from this terrane correlate well in both 
age and isotope values with those identified in 
the Chewore–Rufunsa and Kacholola terranes 
(Fig. 4b, 5b), which have been recently suggest-
ed to be equivalents of the Muva Supergroup 
that is found throughout eastern Zambia (Fig. 
7; Alessio et al., 2018). The data obtained here 
support a depositional connection between 
the Irumide and Southern Irumide belts. 
Structural evolution
The SIB experienced a major orogenic phase 
that involved widespread magmatism and 
metamorphism (M0) between c. 1100–1000 
Ma (Fig. 7; Johnson, De Waele and Liyungu, 
2006; Johnson et al., 2007; Karmakar and 
Schenk, 2016). Such an event is likely associ-
ated with deformation (D0), which would have 
generated foliation planes (S0) within the Mes-
oproterozoic lithologies found in the belt. The 
timing of the N–S trending, terrane bounding 
ductile shear zones is uncertain. In many cases 
these shear zones conform to fold structures 
generated in subsequent deformation phases, 
suggesting that these were pre-existing fea-
tures that were deformed. As such, the genera-
tion of these shear zones may have occurred 
during D0, if not earlier. However, these fea-
tures bound terranes that share a similar base-
ment and subsequent depositional, magmatic 
and metamorphic history (Fig. 7). One excep-
tion is the predominantly Neoproterozoic Ny-
imba–Sinda Terrane, though this is suggested 
to be a superimposed rift-basin, rather than an 
exotic terrane (Alessio et al., 2018). As these 
shear zones bound a series of terranes with a 
very similar history (Fig. 7; and therefore like-
ly not far-travelled relative to each other) their 
importance appears to be relatively minor in 
the context of the SIB’s evolution. 
D1, a phase of N–S directed compression, is in-
terpreted from the prominent E–W to NE–SW 
trending folds (F1) in the region. In many cases 
the ductile shear zone terrane boundaries con-
form to these fold structures, suggesting that 
they were deformed by this folding. These 
folds are broadly aligned with the late-Neo-
proterozoic Congo–Kalahari suture (Fig. 7). 
This collision is interpreted to have been the 
driving force behind this deformation, which 
also resulted in metamorphic (M1) overprint-
ing (John et al., 2004; Johnson, De Waele and 
Liyungu, 2006; Johnson et al., 2007). It is pos-
sible that this event overprinted the S0 foliation 
with the S1 foliation generated in the Neopro-
terozoic gneiss of the Nyimba–Sinda Terrane 
at (likely) this time. This S1 foliation is crosscut 
by the post-tectonic granites that intrude this 
terrane (Fig. 2, 6a) and are largely undeformed 
(Agar, 1984), suggesting that D1 deformation 
had ceased by c. 500 Ma. 
D2, a phase of E–W directed compression, is in-
terpreted from N–S trending folds (F2), which 
are found throughout each terrane. These 
more open, low amplitude folds weakly refold 
(and therefore post-date) the more pervasive 
and tighter F1 folds. The timing of this event is 
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uncertain, though restricted to the Phanerozo-
ic. Permian to Triassic rifting was widespread 
throughout central Africa, with associated rift 
basins located adjacent the north and south 
flanks of the SIB in Zambia. In Zimbabwe, Mo-
zambique, and Tanzania, this rifting has been 
shown to be followed by Permian to Triassic 
exhumation, interpreted to be associated with 
the Mauritanian-Variscan and Gondwanide 
orogenies (Fernandes et al., 2015; Kasanzu et 
al., 2016; Mackintosh et al., 2018). As such, it 
is possible that these structures were formed in 
response to the intra-plate stresses associated 
with these orogenies (Fig. 7).
Relationship between the Southern Iru-
mide Belt and Irumide Belt
Figure 2 presents available zircon U–Pb and 
Lu–Hf data, as well as whole rock Sm–Nd for 
the variably deformed igneous units in the Iru-
mide Belt and Zambian SIB. Late-Mesoprote-
rozoic (1100–1000 Ma) magmatic ages can be 
observed in both the Irumide and Southern 
Irumide belts, as can older, 3000–1800 Ma 
magmatism. The most notable difference be-
tween these regions relates to Neoproterozoic 
magmatism, which is widespread throughout 
the Southern Irumide Belt and likely a result 
of the belt being at the forefront of the colli-
sion between the Congo and Kalahari cratons 
(Fig. 7). Available εHf(t) and εNd(t) data for 
Palaeoproterozoic to Mesoproterozoic mag-
matic units (Fig. 2) are limited for this region, 
though suggested magmatic events through-
out this period predominantly involved the 
reworking of crustal material. 
The development of the SIB and its relation-
ship to the Irumide Belt is controversial. The 
original interpretation is that the belts dis-
play different geological histories (Johnson, 
De Waele and Liyungu, 2006; Johnson et al., 
2007; De Waele, Johnson and Pisarevsky, 
2008). Proponents of this interpretation sug-
gested that distinct differences existed in the 
timing of magmatism and metamorphism in 
the Southern Irumide (c. 1100–1040 Ma) and 
Irumide (c. 1040–1000 Ma) belts, though this 
is inconsistent with ages of both ranges hav-
ing been obtained from either belt (Figs. 2, 
7). The suggested timing differences and the 
presence of a major shear zone (Mwembeshi 
Shear Zone; Fig. 2), were used to argue for 
no genetic relationship existing between the 
Irumide and Southern Irumide belts. On this 
basis, Johnson et al. (2007) suggested that the 
SIB did not form on the Congo margin itself 
but instead developed as a microcontinent that 
subsequently collided with the Congo margin 
at c. 1040 Ma, which ceased magmatism in the 
SIB (initiated at c. 1100 Ma) and initiated com-
pression and crustal melting in the Irumide 
Belt (lasting until c. 1000 Ma; Fig. 7). 
Bingen et al. (2009) introduced an alternative 
model to that of the SIB accreting to the south-
ern Congo Margin in the late-Mesoproterozo-
ic. These authors instead suggest that the SIB 
could have been located along the southern 
Congo margin prior to the late-Mesoprotero-
zoic and acted as a long-lived, variably com-
pressional active continental margin. The dif-
ferent timing of magmatism in the Irumide 
Belt and SIB in this scenario is instead ascribed 
to an advancing magmatic front in response to 
a shallowing subduction zone located south 
of the SIB. This model suggests that the c. 
1100–1040 Ma magmatism recorded in the 
SIB occurred in a continental-margin-arc set-
ting along the southern Congo margin, which 
was followed by shallowing of the subducting 
slab that dipped towards the Irumide Belt. This 
shallowing caused the section of slab melt-
ing to propagate in-land, below the Irumide 
Belt, initiating subsequent c. 1040–1000 Ma 
magmatism in this region (Fig. 7; Bingen et 
al., 2009; Alessio et al., 2018). U–Pb monazite 
ages from Karmakar and Schenk (2016) in the 
Chipata Terrane of the SIB suggests that both 
belts experienced similar grades of metamor-
phism during this time (Fig. 7). The model of 
the SIB being located along the southern Con-
go margin prior to the late-Mesoproterozoic 
is supported by recent work by Alessio et al. 
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(2018), who obtained U–Pb age populations 
from detrital zircons in the SIB (Fig. 5b) that 
are equivalent to those preserved in the Muva 
Supergroup located in the Irumide Belt and 
Bangweulu Block (Fig 2; Daly and Unrug, 
1982; Daly et al., 1984; Daly, 1986; De Waele 
and Mapani, 2002), as well as those obtained 
from the Chipata Terrane in this study. The 
correlation between sediments in these re-
gions lead to the suggestion that the SIB was 
depositionally connected to the Congo Craton 
during the Palaeoproterozoic and, therefore, 
formed on the Congo margin (Fig. 7; Alessio 
et al., 2018). 
Figure 7. Time-space plot of existing data for the Irumide Belt and SIB, indicating periods of magmatism (red), 
metamorphism (pink), deformation (green) and deposition (blue) throughout the Precambrian to Phanerozoic. 
Bars throughout the plot indicate the duration of events defined by the maximum and minimum error ranges of a 
series of analyses, or interpreted timing in the case of deformation events. Bars with stars indicate constraints that 
were defined or improved in this study. The timing of key orogenic events (Irumide Orogeny and Congo–Kalahari 
collision) are denoted by the dark grey bars. References are indicated by the numbers accompanying a given unit’s 
name and are as follows: 1, De Waele et al. (2006b);  2, De Waele et al. (2009); 3, Johnson et al. (2007); 4,  Goscombe, 
Armstrong and Barton (2000); 5, Alessio et al. (2018); 6, Johnson, De Waele and Liyungu (2006); 7, Karmakar and 
Schenk (2016).
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Prior to the current study Lu–Hf and Sm–Nd 
isotopic data for magmatic rocks and/or zir-
cons were only available from the Chewore–
Rufunsa terrane. Johnson et al. (2007) report-
ed negative (–1.8 to –13.5) whole-rock εNd(t) 
values for c. 1090 to 1040 Ma meta-igneous 
lithologies, while both positive and negative 
(+2.9 to –3.7) εHf(t) values were reported for 
c. 2200 to 1900 Ma inherited zircons from 
similar rocks. The obtained εHf(t) values of 
Johnson et al. (2007) were used by these au-
thors to suggest that the SIB basement is pre-
dominantly juvenile and Palaeoproterozoic, 
as opposed to the evolved Archaean to Pal-
aeoproterozoic basement of the Irumide Belt. 
However, we herewith document predomi-
nantly evolved Palaeoproterozoic basement 
in both the Chewore–Rufunsa and Chipata 
terranes (Fig. 4), similar to Palaeoproterozoic 
basement document in the Irumide Belt (Fig. 
2, 7; De Waele et al., 2009). Our results indi-
cate that the entire Zambian portion of the SIB 
could be floored by predominantly evolved 
Palaeoproterozoic basement similar to that 
in the Irumide Belt, which is corroborated by 
the significantly more evolved εHf(t) values 
obtained by the post-tectonic granite located 
between the Chewore–Rufunsa and Chipa-
ta terranes. This study also provides εHf(t) 
data for two charnockite samples from the 
Chipata Terrane, yielding some of the young-
est Mesoproterozoic U–Pb crystallisation ages 
(c. 1040 Ma) recorded in the SIB. While juve-
nile xenocrystic zircons have been analysed 
from the SIB, these samples record the only 
evidence yet of late-Mesoproterozoic juvenile 
magmatism in this belt. While the majority of 
magmatism in the SIB reflects crustal rework-
ing, these data indicate that the Chipata Ter-
rane was intruded by mantle derived material 
while crustal reworking was occurring in the 
Irumide Belt. Overall, the available data dem-
onstrate that little distinction can be made 
between the crystallisation ages recorded in 
the Irumide and Southern Irumide belts, for 
both the Palaeoproterozoic basement and late 
Mesoproterozoic magmatism. This common 
history is supportive of a model whereby the 
Southern Irumide Belt did not collide with the 
southern Congo Craton margin subsequent to 
its formation and instead developed on this 
margin, prior to the orogenic events recorded 
during the late-Mesoproterozoic and late-Ne-
oproterozoic (Alessio et al., 2018). 
CONCLUSIONS
A suite of U–Pb and Lu–Hf data were ac-
quired for lithologies throughout the Zambian 
terranes of the SIB. Three samples obtained 
from the Chewore–Rufunsa and Chipata ter-
ranes yield Palaeoproterozoic ages between 
c. 2100 and 2000 Ma, which are equivalent to 
basement ages interpreted from xenocrysts 
in the Irumide Belt. These samples yield pre-
dominantly evolved εHf(t) values and are in-
terpreted to represent exposed basement rock 
that underlies (at least) the Zambian terranes 
of the SIB. A sample of detrital zircon from the 
Chipata Terrane yielded U–Pb age populations 
and εHf(t) values that are equivalent to those 
in sedimentary rocks from the Chewore–Ruf-
unsa and Kacholola terranes, as well as those 
of the Muva Supergroup within the Irumide 
Belt. This study also identifies the first instance 
of late Mesoproterozoic juvenile magmatism 
in the SIB within the Chipata Terrane, U–Pb 
dating constrains crystallisation of these rocks 
at c. 1040 Ma, coeval with crustal reworking 
in the Irumide Belt. Two regional-scale struc-
tural overprints were identified within the belt, 
a N–S directed contraction that was likely the 
result of Congo–Kalahari collision at c. 550 
to 530 Ma, and a subsequent E–W directed 
shortening, possibly occurring during the Per-
mian to Triassic. The presence of equivalent 
basement material and overlying sedimentary 
sequences in both the Irumide and Southern 
Irumide belts opposes hypotheses of the SIB 
forming on a separate microcontinent, prior 
to collision with the southern Congo mar-
gin during the late-Mesoproterozoic. The ob-
tained data instead support a tectonic model 
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where the SIB represents an extension of the 
southern Congo Craton margin since at least 
the Palaeoproterozoic (c. 2000 Ma). 
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INTRODUCTION
Yoderite is a dark blue–purple to green col-
oured silicate mineral that can occur in the 
MgO–Al2O3–SiO2–H2O–Fe2O3 (MASHO) 
system. Currently there are only two known 
localities on the planet that contain the miner-
al. The first was discovered by McKie (1959) at 
Mautia Hill (Tanzania), while the second was 
discovered by Johnson and Oliver (1998) in 
the Chewore Hills of northern Zimbabwe. At 
both localities yoderite occurs within whites-
chists, a rare type of high pressure to ultrahigh 
pressure metamorphic rock whose composi-
tions conform very closely to the MASHO sys-
tem. In terms of mineralogy, these rocks are 
characterised by the diagnostic assemblage of 
talc and kyanite, and commonly additionally 
contain quartz or coesite (Schreyer & Seifert, 
1969; Schreyer, 1974; Schreyer, 1977). White-
schists were suggested to have protoliths that 
either have a MASHO composition, such as 
evaporates or bentonites, or igneous rocks that 
were subjected to extensive metasomatic al-
teration. Whiteschists are always found in an-
cient collisional zones where continental rocks 
were subducted. As a consequence, there is a 
predominance of whiteschists in HP–UHP 
terranes (Franz, Romer, & de Capitani, 2013; 
Johnson, 2011).
Because of their location within ancient col-
lisional zones, whiteschists have the potential 
to provide quantitative records of the pres-
sure–temperature (P–T) conditions expe-
rienced during subduction. However, con-
straining their metamorphic P–T evolution is 
currently hampered by two issues. First, the 
stability of yoderite as a function of P–T–X 
(where X refers to composition) remains un-
certain. Experimental studies showed that yo-
derite has a large stability field (Fockenberg & 
Schreyer, 1991, 1994). On this basis, one may 
expect whiteschists containing yoderite to be 
common. However, yoderite-bearing white-
schists are much rarer than yoderite-absent 
whiteschists. Therefore, a paradox exists that 
remains largely unsolved: why is yoderite so 
rare, even amongst whiteschists? Second, our 
ability to understand the metamorphic evolu-
tion of whiteschists is impeded by the inability 
to calculate reliable thermodynamic models 
for rocks with compositions closely approxi-
mating the MASHO system, largely because 
of the absence of an activity–composition (a–
x) model for yoderite (cf. Franz et al. 2013). 
ABSTRACT
We present a new activity–composition model for green (Mn3+-absent) yoderite for use in the 
latest internally consistent thermodynamic dataset used by THERMOCALC, for calculations 
primarily in MgO–Al2O3–SiO2–H2O–O system, where O is a proxy for Fe2O3. P–T grids calcu-
lated with our model in the MASH and MASHO system feature invariant points and univariant 
reaction bundles that are consistent with existing experimental results. Using this new model 
we have explored the stability of yoderite in whiteschists, a rare type of high pressure rock that 
conforms closely to the MASHO system. Using a series of calculated models in which compo-
sition varies, we show that yoderite stability is a function of bulk rock SiO2, MgO, and Al2O3, 
where the most important component for stabilising yoderite is a function of pressure and tem-
perature. The rarity of yoderite in naturally occurring whiteschists is largely related to these 
compositional factors, with most whiteschists having rock compositions that are too SiO2-rich 
and Al2O3-poor to allow yoderite formation. However, in addition to compositional factors, the 
calculated P–T stability field of yoderite occurs over thermal gradients that are generally too 
high to occur in modern-style subduction zones. As nearly all known whiteschist occurrences 
are Phanerozoic in age, the near complete absence of yoderite in late-Neoproterozoic–Phanero-
zoic whiteschists may be at least partially due to modern subduction systems failing to produce 
the hotter thermal gradients needed to stabilize yoderite. The provision of this new a–x model 
for green yoderite allows for more rigorous P–T–X investigations of all whiteschists.
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Franz et al. (2013) provide the only existing 
study to have performed calculations using 
an a–x model for yoderite. In their study they 
explored controls on yoderite and whiteschist 
stability, but their yoderite a–x model was of 
a fixed, single composition. In this context, 
the ability to include solid-solution yoderite 
in calculated phase-equilibria models and ad-
dress the question of its rarity is a fundamen-
tal step towards furthering our understanding 
of whiteschists and increasing their utility in 
tectono-metamorphic research.
In order to quantitatively explore the P–T–X 
controls on yoderite stability in the MASHO 
system, we present a new a–x model for green 
(Mn3+-absent) yoderite to be used with THER-
MOCALC. We use calculated P–T grids in the 
MASH and MASHO systems to establish the 
validity of the yoderite model as such dia-
grams provide the strongest link to the results 
of existing experimental studies. We also pre-
sent calculated P–X pseudosections, which are 
used to explore compositional constraints on 
yoderite stability, for the purpose of address-
ing the rarity of yoderite in whiteschists. These 
transects are based on the geochemistry of a 
(purely green) yoderite-bearing whiteschist 
from the Chewore Hills in northern Zimba-
bwe. The thermodynamic framework is then 
applied to calculate a model that constrains the 
P–T history of the same Chewore Hills white-
schist. This study presents the first attempt at 
developing a solid-solution a–x model for yo-
derite that is calibrated on the basis of match-
ing calculated phase equilibria to experimen-
tally-constrained invariant and univariant 
equilibria, i.e. P–T grids (cf. Franz et al., 2013).
PREVIOUS STUDIES OF WHITESCHIST 
AND YODERITE STABILITY
Early experimental work in the MASHO sys-
tem determined that the characteristic talc–
kyanite assemblages of whiteschists become 
stable above pressures of ~10 kbar and tem-
peratures of ~670–840 °C (Schreyer & Seifert, 
1969). At lower pressures talc–kyanite bear-
ing assemblages were found to be replaced by 
cordierite-bearing assemblages, whereas at 
lower temperatures it is replaced by chlorite–
quartz assemblages. Subsequent experimental 
work by Fockenberg and Schreyer (1994)  ex-
panded the talc–kyanite stability field as their 
study determined lower P–T values for the 
stability of talc–kyanite assemblages, showing 
that it can occur above ~5 kbar and 590 °C. 
More recently Franz et al. (2013) calculated 
phase diagrams for rock compositions largely 
conforming to the MASHO system and deter-
mined that stable talc–kyanite assemblages can 
occur above pressures of ~5 kbar, in agreement 
with the experimental results of Fockenberg 
and Schreyer (1994). In naturally occurring 
whiteschists, P–T estimates from talc–kyanite 
assemblages have been determined via con-
ventional barometry to be stable at 6–8 kbar in 
the Modum Complex (Norway; Munz, 1990). 
The Kokchetav Massif (Kazakhstan) contains 
the highest pressure whiteschists known. Us-
ing phengite geobarometry Parkinson (2000) 
determined that talc–kyanite assemblages re-
main stable to pressures of 35 kbar. All avail-
able temperature estimates of naturally oc-
curring whiteschists fall within the range of 
~550–800 °C (Franz et al., 2013), remaining 
stable at temperatures below that determined 
by experimental studies.  
Yoderite has been found naturally in two forms, 
with two different chemistries that reflect the 
presence or absence of Mn3+. The two different 
chemistries of yoderite result in the mineral 
having different colours, either green or blue–
purple. The green variety is Mn3+-absent and 
found in the Mautia Hill and Chewore Hills 
whiteschists, with the approximate formula 
Mg2Al5.6Fe3+0.4Si4O18(OH)2  (Higgins, Ribbe, 
& Nakajima, 1982). The dark blue to purple 
variety of yoderite is restricted to Mautia Hill 
whiteschists, differing from green yoderite by 
additionally containing Mn3+, with the ap-
proximate formula Mg2Al5.6Fe3+0.34Mn3+0.7Si4
O18(OH)2 (Abu-Eid, Langer, & Seifert, 1978). 
Schreyer and Yoder Jr (1968) conducted the 
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first experimental investigation into the stabil-
ity of yoderite, and synthesized the mineral in 
the MASH system. They suggested the rarity 
of yoderite in nature was due to the small P–T 
stability field of yoderite + quartz (> ~10 kbar 
and 675–770 °C), with the assemblage kyanite 
+ talc being more likely to form. The stability 
of yoderite in the MASH experimental system 
was later shown to be incorrect by Fockenberg 
and Schreyer (1991), who argued that yoder-
ite can only form in the presence of Fe2O3 
(see also Franz et al., 2013). They instead sug-
gested that any previous syntheses of yoderite 
were due to traces of ferric iron in either the 
starting mixtures or seeds used in the experi-
ments. Subsequent work also disproved the 
notion that the rarity of yoderite was the result 
of a small stability field in P–T space (Focken-
berg & Schreyer, 1991, 1993, 1994). Through 
experiments notionally in the MASHO sys-
tem it was determined that yoderite is stable 
over a wide range of P–T conditions, between 
~6–25 kbar and 590–795 °C. This led Fock-
enberg and Schreyer (1994) to conclude that 
stability of yoderite was instead restricted by 
rock composition, with yoderite only able to 
occur in rocks rich in MgO, Al2O3, SiO2, H2O, 
and containing Fe2O3. They also argued that 
for yoderite to occur, the rocks must also be 
poor in alkalis and CaO (see also Franz et al., 
2013). More recent work by Franz et al. (2013) 
arrived at the same conclusions and suggested 
that the presence of CO2-bearing fluid drasti-
cally reduces the stability of whiteschist min-
eral assemblages, which may in turn affect the 
stability of yoderite. These authors calculated 
P–T pseudosections for a wide variety of po-
tential continental to oceanic protoliths to 
whiteschists for the purpose of highlighting 
the size of the whiteschist stability field. Franz 
et al. (2013) used the predominance of whites-
chists in UHP terranes to state that subduction 
of continental material is a pre-requisite for 
whiteschist formation as it is only this setting 
that allows for HP–UHP conditions. Schreyer 
(1988) stated that the rarity of yoderite was at-
tributed to the stability of yoderite occurring 
at higher geothermal gradients than those pre-
vailing in subduction zones. 
ACTIVITY–COMPOSITION MODEL FOR 
YODERITE
Our goal in developing the solid-solution 
green yoderite model was in the first instance 
to replicate as best possible the experimen-
tally constrained P–T grids of Fockenberg 
and Schreyer (1994) and Schreyer (1988). 
This is because univariant and invariant equi-
libria provide the backbone of higher-vari-
ance equilibria in larger systems (e.g. Kelsey, 
White, Holland, & Powell, 2004; Powell, Hol-
land, & Worley, 1998; White, Powell, Holland, 
& Worley, 2000). The activity–composition 
model presented here is the first attempt at a 
thermodynamic model for yoderite for use 
in THERMOCALC. The model is primarily 
designed for use in the system MASHO and 
its subsystems. We have not included Mn3+ 
in the model as it is not currently possible to 
model this valency of Mn in THERMOCALC. 
Because of this, the provided yoderite model 
is for the green, Mn3+-absent variety found in 
the Chewore Hills whiteschist. This variety is 
also reported to occur at Mautia Hill, though 
yoderite at this locality is predominantly of 
the purple, Mn-bearing variety (McKie, 1959, 
1966; Jons et al., 2004). The yoderite model 
was developed entirely through the use of the 
‘make’ command of THERMOCALC a–x cod-
ing. The ‘make’ facility of THERMOCALC is 
premised on the symmetric formalism (Pow-
ell & Holland, 1993), which, in part, is that 
the thermodynamic properties of phase end-
members can be described by linear combina-
tions of thermodynamic properties of other 
phases (e.g. Holland & Powell, 1996; Powell & 
Holland, 1993, 1999; White, Powell, Holland, 
Johnson, & Green, 2014). This approach allows 
for the addition of new phase end-memebers 
in THERMOCALC without compromising 
the integrity of the internally consistent ther-
modynamic dataset, provided that the ther-
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modynamic data for phases used in the ‘make’ 
process are already present in the dataset. In 
the context of solid-solution yoderite, the 
‘make’ facility was used to construct depend-
ent end-members and their thermodynamics 
from the chemistry and thermodynamic prop-
erties of independent end-members already in 
the Holland and Powell (2011) internally con-
sistent dataset. The approach we have taken 
to develop the solid-solution yoderite model 
is somewhat similar to the new micro-φ ap-
proach of Powell, White, Green, Holland, and 
Diener (2014). 
The MASHO solid-solution green yoderite 
model is characterised by Al–Fe3+ cation sub-
stitution (e.g. Fockenberg & Schreyer, 1994). 
We have included a Fe2+-bearing end-member 
as part of a larger system FMASHO yoderite 
model, but the thermodynamics of the Fe2+-
bearing end-member remain largely uncon-
strained at present and were not calibrated 
as part of this study. Therefore, the full solid-
solution model displays Al–Fe3+ and Fe–Mg 
cation substitutions (Table 1). Yoderite struc-
ture is characterised by four octahedral, three 
trigonal bipyramid and four tetrahedral coor-
dination sites in which cations reside per for-
mula unit (Higgins et al., 1982). Higgins et al. 
(1982) suggest Fe3+ substitutes into octahedral 
and trigonal bipyramid coordination sites and 
therefore as a first approximation we have as-
sumed that the four octahedral and one of the 
trigonal bipyramid coordination sites, here 
termed M1 and B1, respectively, involve sub-
stitution of the same set of cations—Mg, Fe2+, 
Al, Fe3+—and that the remaining two trigonal 
bipyramid sites (here termed B2) involve Al 
and Fe3+ substitution only. The distribution 
of Fe3+ amongst the sites in our model cur-
rently displays equipartitioning (cf. Holland & 
Powell, 2006), but an order–disorder param-
eter could be introduced. Fe2+–Mg order–dis-
order is modelled to occur via a parameter, 
Q(yod). The four end-members chosen to de-
scribe solid-solution yoderite in the FMASHO 
system are myod [Mg2Al6(SiO4)4O2(OH)2], 
fyod [Fe2Al6(SiO4)4O2(OH)2], yodo 
[Mg2Al4Fe3+2(SiO4)4O2(OH)2] and fmoy 
[MgFeAl6(SiO4)4O2(OH)2] (Table 1). 
Natural yoderite formation at Mautia Hill was 
ascribed to the end-member reaction yoderite 
+ quartz = talc + kyanite + hematite + H2O 
(McKie, 1959; Schreyer & Seifert, 1969). How-
ever, trial calculations with myod—the most 
dominant compositional component of yo-
derite—defined by this linear combination of 
end-members did not produce univariant and 
invariant reaction bundles with topologies 
consistent with the experimentally constrained 
P–T grids of Schreyer (1988) and Fockenberg 
and Schreyer (1994). By instead making myod 
and its thermodynamic properties with the 
linear combination of end-members yoderite 
+ quartz = Tschermaks talc + kyanite, uni-
variant and invariant reaction bundles calcu-
lated with topologies consistent with Schreyer 
(1988) and Fockenberg & Schreyer (1994). 
End-member yodo and its thermodynamic 
properties were made by the linear combina-
tion yoderite = Tschermaks talc + kyanite + 
hematite. End-members fyod and fmoy and 
their thermodynamic properties were made 
using the linear combination yoderite + quartz 
= talc + kyanite + hematite + H2O. 
Two compositional and one order–disorder 
parameters are required to describe the com-
position of yoderite with end-members shown 
in Table 1. The compositional variables are de-
fined as:
x(yod) = (3xFe,M1 + xFe,B1)/(3xFe,M1 + 
xFe,B1 + 3xMg,M1 + xMg,B1),
f(yod) = 2xFe3,B2.
The order–disorder parameter is defined as 
follows, based on an assumed preference of 
Fe2+ for the B1 site:
Q(yod) = 2(x – xFe,M1).
Q cannot be found directly from cations of Fe 
and Mg; instead it must be found from the so-
lution of an internal equilibrium. Site fractions 
in terms of the compositional and order–dis-
order parameters are:
x(Mg,M1) = (1 – x)(1 – 1/8 f)
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x(Fe,M1) = x (1 – 1/8 f)
x(Fe3,M1) = 1/8 f
x(Al,M1) = 1 – 1/8 f
x(Mg,B1) = (1 – x)(1 – ¼ f)
x(Fe,B1) = x (1 – ¼ f)
x(Fe3,B1) = ¼ f
x(Al,B1) = 1 – ¼ f
x(Fe3,B2) = ½ f
x(Al,B2) = 1 – ½ f.
The corresponding end-member proportions 
are:
pmyod = 1 – x – ½ Q – f 
pfyod = x – ½ Q
pyodo = f
pfmoy = Q











Interaction energy parameters, Wij, expressing 
non-ideal mixing (Powell & Holland, 1993), 
and DQF parameters expressing modification 
to the enthalpy of formation of end-members 
(e.g. Holland & Powell, 1992, 2003; Powell et 
al., 2014; White, Powell, Holland, et al., 2014), 
are effectually unconstrained by existing ex-
perimental data but are required for the cali-
bration of thermodynamic data. Nevertheless, 
the magnitude of energetics associated with 
Al–Fe3+ and Fe-Mg exchange in other miner-
als may provide a useful analogy for that of 
yoderite (e.g. Powell et al., 2014). Using this 
as a guiding basis, Wij and DQF values were 
constrained such that the P–T grid of Fock-
enberg and Schreyer (1994) was effectually 
replicated by our calculations. However, as the 
P–T locations of invariant points in the Fock-
enberg and Schreyer (1994) experimentally 
constrained reaction grid carry some uncer-
tainty, our additional goal in constraining Wij 
and DQF values was to calculate the yoderite 
+ quartz stability field to span a range of ther-
mal gradients that are consistent with those 
proposed in Schreyer (1988) and Fockenberg 
& Schreyer (1994). To achieve these goals, the 
Wij and DQF values for the yoderite model are 
as follows:
Wmyod,fyod    10    0   –0.02,
Wmyod,yodo    12    0     0,
Wmyod,fmoy     4    0     0,
Wfyod,yodo    16    0     0,
Wfyod,fmoy     4    0     0,
Wyodo,fmoy    12    0     0,
and
DQFmyod   –20  0  0,
DQFyodo   30  0  0,  
where each are described by the linear relation-
ship a + bT + cP. Overall, the appointed Wij and 
DQF values, as well as the model overall, result 
in a topology that is consistent with the pro-
posed topologies in the MASH and MASHO 
systems (e.g. Fockenberg & Schreyer, 1994; 
Schreyer & Seifert, 1969; Schreyer, 1988), thus 
allowing practical calculations for natural low 
Fe2+-bearing rock compositions involving sol-
id-solution yoderite. The yoderite a–x model 
for use with THERMOCALC is located in the 
supporting information (Table S1).
Table 1. Yoderite a–x model site distributions.
M1 B1 B2
Mg Fe Al Fe3+ Mg Fe Al Fe3+ Al Fe3+
myod 1 0 3 0 1 0 1 0 2 0 [SiO4]4O2(OH)2
fyod 0 1 3 0 0 1 1 0 2 0 [SiO4]4O2(OH)2
yodo 1 0 2.5 0.5 1 0 0.5 0.5 1 1 [SiO4]4O2(OH)2
fmoy 1 0 3 0 0 1 1 0 2 0 [SiO4]4O2(OH)2





P–T grids and P–X models were calculated 
using the phase equilibria modelling program 
THERMOCALC v. 3.37 with the internally 
consistent thermodynamic dataset of Hol-
land and Powell (2011), ds62. Quantitative 
P–T information were calculated for the sys-
tems MASH and MASHO, which are prefer-
able to achieve our aims rather than larger, 
more complex system as MASH and MASHO 
almost entirely describe the composition of 
whiteschists, and allow for comparison of our 
results with the published P–T grids and other 
studies involving yoderite. Activity–compo-
sition models for phases other than yoderite 
are from White, Powell, and Johnson (2014), 
White, Powell, Holland, et al. (2014) and 
Powell et al. (2014). The geochemistry of the 
Chewore Hills yoderite-bearing pod discov-
ered by Johnson and Oliver (1998) was used 
as a basis for exploring yoderite stability as a 
function of changing composition, specifically 
a series of P–X models in which the amounts 
of MgO, Al2O3, SiO2, H2O and Fe2O3 were 
varied. This Zimbabwean whiteschist com-
position was used as a basis for our purpose, 
as whole rock geochemistry for the yoderite 
bearing whiteschists reported at Mautia Hill 
is only available for those containing purple 
Mn3+-bearing yoderite.
PHASE RELATIONS IN MASH AND 
MASHO
In order to both calibrate and determine the va-
lidity of our solid-solution yoderite a–x model, 
P–T grids for the MASH and MASHO systems 
(Figure 1) were calculated. Stable univariant 
reaction bundles around invariant points were 
determined through Schreinemakers analysis.
MASH petrogenetic grid
The P–T grid calculated for the MASH system 
is shown in red in Figure 1. Based on petro-
logical relationships involving natural yoder-
ite, arguably the most important univariant 
reactions that must appear in our calculated 
P–T grids are those that involve yoderite, ky-
anite, talc, quartz and water  (McKie, 1959) 
and yoderite, kyanite, quartz, chlorite and wa-
ter (Johnson & Oliver, 1998). In MASH, these 
two univariant assemblages are the (chl) and 
(ta) reactions, respectively, that intersect to de-
fine invariant point I6 of Schreyer and Seifert 
(1969). This invariant point calculates as IP6 
in our MASH P–T grid at 14.2 kbar, 628 °C 
(Figure 1) compared to ~10.3 kbar, 670 °C in 
Schreyer and Seifert (1969). In our MASH cal-
culations talc, chlorite and orthopyroxene fea-
ture Tschermaks exchange solid solution be-
haviour, which were not accounted for in the 
production of the MASH P–T grid topology 
in Schreyer and Seifert (1969). In addition, we 
included other MASH phases Mg-staurolite 
(st), Mg-cordierite (cd), pyrope garnet (g) and 
solid-solution sapphirine (sa) in our calcula-
tions. Chiefly for these two reasons, our calcu-
lated MASH grid involves a number of differ-
ent univariant and invariant equilibria to that 
of Schreyer and Seifert (1969). 
The P–T grid of Schreyer and Seifert (1969) 
is based on earlier experimental work notion-
ally in the MASH system. Most notably, this 
includes the work done by Schreyer and Yo-
der Jr (1968), who synthesised yoderite in the 
supposed MASH system. The synthesis of yo-
derite in these experiments was later shown 
to be an experimental error (Fockenberg & 
Schreyer, 1991), and instead suggests that any 
yoderite bearing equilibria in the Schreyer 
and Seifert (1969) grid actually relate to the 
MASHO system. Indeed, previous studies 
argued it is impossible to produce a yoderite 
bearing P–T grid in the pure MASH system 
using experimental data due to yoderite stabil-
ity purportedly being a strong function of Fe3+ 
(Fockenberg & Schreyer, 1991, 1994; Franz et 
al., 2013). We were able to calculate a P–T grid 
in MASH featuring yoderite as our model al-
lows for Fe3+ to be absent. Therefore, calibrat-
ing the yoderite model via the MASHO P–T 
Chapter 4 On yoderite: Using calculated phase equilibria to investigate its rarity 
-90-
Figure 1. P–T grids calculated for the MASH (red) and MASHO (black) chemical systems. Invariant points are 
marked by circles, univariant reactions are denoted by the lines emanating from each point. Invariant points identi-
cal to those in Schreyer and Seifert (1969) and Fockenberg and Schreyer (1994) are given the same labels as those in 
their published grids. Points that are unique to our calculated grid are labelled as ‘IPNEW’. The invariant point from 
which both known yoderite forming reactions emanate from, IP3, is shown for both this study (~15 kbar and 650 
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grid may ultimately provide a better guide as 
to where the MASH grid occurs in P–T space. 
For these reasons we consider our calculated 
MASH P–T grid to be a successful result.
MASHO petrogenetic grid
MASH system invariant points represent the 
termination of hematite-absent univariant 
reaction lines in the MASHO system. In a 
direction away from the MASH termination 
point along each hematite-absent univariant 
MASHO reaction, the amount of Fe3+ in the 
assemblage increases. When Fe3+ reaches satu-
ration in the univariant assemblage hematite 
appears to produce a MASHO invariant point. 
Therefore, each MASH invariant point shown 
in Figure 1 has a corresponding MASHO in-
variant point. The P–T grid calculated for the 
MASHO system is shown in black in Figure 1. 
The calculated MASHO grid strongly paral-
lels the calculated MASH grid and occurs to 
slightly higher temperature. Our calculated 
MASHO grid resembles well the experimen-
tally constrained P–T grid in Fockenberg and 
Schreyer (1994), with good agreement in the 
relative topology of invariant points and bun-
dles of univariant reactions around invariant 
points. Invariant point three (IP3) is of par-
ticular note, as it represents the invariant point 
from which the yoderite forming reactions 
for both known natural occurrences emanate. 
With our thermodynamic model we calculate 
this point at higher P–T conditions than in 
the Fockenberg and Schreyer (1994) grid, at 
15 kbar and 650 °C compared to ~13 kbar and 
600 °C in their study. Point IP4 calculates at 
19.3 kbar and 711 °C compared to ~21 kbar 
and 650 °C in Fockenberg and Schreyer (1994). 
Obtaining a large pressure difference between 
points IP3 and IP4 as well as achieving yoder-
ite stability over a similar apparent thermal 
gradient span to Fockenberg and Schreyer 
(1994) were important drivers for our choice 
of W and DQF values for our yoderite mod-
el. More negative DQFmyod, as well as lower 
DQFyodo and Wmyod,yodo values, reduce 
the pressure difference between IP3 and IP4. 
If the W values were slightly higher and less 
negative, the pressure difference between IP3 
and IP4 increases. However, the pressure of 
point IP3 also increases, moving further away 
from the location given in Fockenberg and 
°C) and that by Fockenberg and Schreyer (1994; denoted by black square labelled ‘F&S IP3’). The coloured fields 
behind the calculated grids refer to the different metamorphic facies as shown in Vernon and Clarke (2008), where 
red = granulite, green = amphibolite, blue = blueschist, yellow = eclogite. A fully labelled version of the calculated 
MASH and MASHO P–T grids can be located in the supplementary material.
Invariant point IP2 IP3 IP4
Phases present cd q yod ta chl hem H2O ky q yod ta chl hem H2O st ky yod ta chl hem H2O
Pressure (kbar) 6.1 14.9 19.3
Temperature (°C) 663 650.4 711.4
y (chl) 0.4 0.38 0.37
f (chl) 0.38 0.36 0.36
QA1 (chl) 0.22 0.26 0.27
f (yod) 0.08 0.06 0.07
y (ta) 0.07 0.06 0.05
f (ta) 0.03 0.03 0.02
v (ta) 0.06 0.07 0.04
f (st) - - 0.2
h (cd) 0.81 - -
Compositional and order-disorder variables
Table 2. Compositions of the phases at invariant points two, three and four (IP2, IP3 and IP4, respectively). IP3 
relates to both known natural yoderite forming reactions, whereas IP2 constrains cordierite stability in whiteschists 
and IP4 constrains staurolite stability.
Chapter 4 On yoderite: Using calculated phase equilibria to investigate its rarity 
-92-
Schreyer (1994). Therefore, our chosen DQF 
and W values are ultimately a compromise that 
achieves yoderite stability in a location in P–T 
space, and with an overall grid topology that 
is consistent with constraints from Fockenberg 
and Schreyer (1994). Calculated compositions 
of the phases present at IP3, IP4 and IP2 are 
presented in Table 2. The calculated yoderite 
forming reactions that apply to Mautia Hill 
(talc + kyanite + hematite + H2O > yoderite + 
quartz) and the Chewore Hills (talc + chlorite 
+ hematite + kyanite > yoderite + H2O) have 
identical topology to that in Fockenberg and 
Schreyer (1994). Seven stable invariant points 
not present in the experimentally constrained 
grid of Fockenberg and Schreyer (1994) occur 
in our calculated grid (labelled with the pre-
fix ‘IPNEW’), and a number of points in the 
Fockenberg and Schreyer (1994) grid were un-
able to be calculated. This highlights how cal-
culated phase equilibria can provide valuable 
information about mineral equilibria that the 
restrictions of experiments (e.g. composition, 
difficulty of experiments) cannot (e.g. Kelsey, 
White, & Powell, 2005). Differences between 
our calculated P–T grid and their experimen-
tally constrained P–T grid can probably be 
attributed to the following. First, the Focken-
berg and Schreyer (1994) grid is based on ex-
periments that were seeded with reactants and 
products, and thus were partially biased due 
to the metastable persistence of seeds. Second 
is the presence of FeO in their experiments, 
which was ignored for the construction of 
their P–T grid. This is particularly relevant for 
point IP5 (Figure 1) and the invariant points of 
Fockenberg and Schreyer (1994) that were un-
able to be calculated in our grid as these points 
contain either kornuperine or pyrope, which 
in the experimental run products were meas-
ured to contain significant FeO. Therefore, due 
to FeO the variance of many of the assemblag-
es they encountered were trivariant or higher. 
Third, the Fockenberg and Schreyer (1994) 
grid doesn’t account for Fe3+ or Tschermaks 
substitution in chlorite, talc or orthopyroxene. 
Overall these factors will have resulted in some 
uncertainty in the presence and locations of 
their reactions, which was acknowledged by 
Fockenberg and Schreyer (1994). Because of 
this, we consider absolute differences between 
reaction points and lines in the experimental 
versus calculated grids to be of minor conse-
quence, and for our calculated P–T grid to be 
valid.
CONTROLS ON YODERITE STABILITY
To explore whether there are any consistent 
trends in P–T conditions or rock chemistry or 
mineralogy amongst whiteschists versus yo-
derite-bearing whiteschists and help identify 
factors controlling yoderite stability, Table 3 
provides a summary of all known whiteschist 
localities with published data. From the data 
it is possible to observe a number of features 
that are for the most part restricted to yoder-
ite-bearing whiteschists. The yoderite-bearing 
localities are almost exclusively the only white-
schist occurrences to contain hematite. The 
only known exception to this is the Modum 
Complex (Norway) whiteschist, but this oc-
currence is distinguishable by a much higher 
XFe ratio (=Fe2+/(Fe2+ + Mg2+)) of 0.24, as op-
posed to values of 0 and 0.04 that are among 
the lowest recorded. The yoderite-bearing lo-
calities are also the only two with clear sug-
gestions that Mn may be present in its tri- or 
tetra-valent state, although we are reluctant to 
draw any significant conclusions from this due 
to the lack of available information on the va-
lence state of Mn in the other whiteschists. The 
majority of whiteschist localities also contain 
phlogopite or phengite, with some addition-
ally containing feldspar, suggesting that the 
whiteschists at these locations may have con-
tained enough K2O and/or Na2O and/or CaO 
to prevent yoderite stability. The peak P–T 
conditions experienced by each whiteschist 
provide further evidence for yoderite being 
restricted more by composition, as the major-
ity of whiteschists record peak P–T conditions 
that overlap the large yoderite stability field. 
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From the data in Table 3 it seems that Fe2O3 
is an important control on yoderite stabil-
ity, as was recognised previously (Fockenberg 
& Schreyer, 1993, 1994). Components K2O, 
Na2O, CaO, and CO2 were argued by previ-
ous workers to be factors controlling yoderite 
stability, due to these components causing sta-
bility of minerals such as micas, feldspars and 
carbonates rather than yoderite (Fockenberg 
& Schreyer, 1994; Franz et al., 2013). Mn2O3 
is also stated as affecting yoderite stability but 
we are unable to perform calculations with 
this component. As the main question at hand 
is why yoderite is rare amongst even whites-
chists, we will restrict our investigation to the 
five components that define the key mineralo-
gy of whiteschists, namely H2O, Al2O3, Fe2O3, 
MgO and SiO2.
Yoderite stability in whiteschists
Figure 2 shows a qualitative MgO–Al2O3–SiO2 
compatibility diagram. Plotted on the diagram 
are whole-rock geochemical data (listed in 
Table 4) from all known whiteschists where 
such data is available, and rock compositions 
obtained from Franz et al. (2013), which are 
amenable to whiteschist and yoderite-bearing 
assemblages should the compositions attain 
appropriate P–T conditions. The average pelite 
composition (Ague, 1991) is also plotted. The 
green and purple shaded areas of the diagram 
show the crossing tie lines for yoderite-form-
ing reactions at the Chewore Hills and Mau-
tia Hill, respectively. The plotted geochemical 
data show that whiteschists and whiteschist 
protoliths are predominantly SiO2-rich, but 
extend to more MgO-rich compositions. That 
is, whiteschist and whiteschist protolith com-
positions define a trend that is close to parallel 
Figure 2. MgO, Al2O3, SiO2 (MAS) compatibility diagram comparing compositions of whiteschists (red), yoderite 
bearing whiteschists (green, purple) and the average pelite of Ague (1991). Additionally plotted are compositions 
from Franz et al. (2013), which are labelled as ‘whiteschist protolith’ (yellow) and yoderite bearing whiteschist (yel-
low with green outline). The compositions plotted on the diagram are relative mole% oxide amounts. Each apex 
represents a composition of either 100 mole% MgO, Al2O3 or SiO2. The compositional ranges of the MgO, Al2O3, 
SiO2, Al2O3 and Fe2O3 P–X models marked as thick coloured lines. Also displayed are the crossing tie line reactions 
(shaded areas) for yoderite forming reactions for Mautia Hill (yoderite + quartz > talc + kyanite + H2O; orange) and 
the Chewore Hills (talc + chlorite + kyanite + hematite > yoderite + H2O; green).
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to the SiO2–MgO join. Curiously, the natu-
ral green yoderite occurrence from Chewore 
Hills, and the two yoderite-amenable proto-
liths have rock compositions that are slightly 
more elevated in Al2O3 than most whiteschists 
and whiteschist protoliths, and may suggest an 
Al2O3 control on yoderite stability. However, 
this conflicts with the Mn-yoderite sample 
from Mautia hill, which has a relatively low 
amount of Al2O3 in comparison to most white-
schists. Using these observations as a basis, we 
now use our fully quantitative solid-solution 
thermodynamic model for yoderite to explore 
compositional controls on yoderite stability in 
whiteschists.
Pressure–composition modelling
P–X models were calculated at 725 °C to ex-
plore yoderite stability as a function of varying 
MgO, Al2O3, SiO2, H2O and Fe2O3 using the 
composition of the yoderite-bearing Chewore 
Hill whiteschist sample as the basis (Figure 3). 
The compositional ranges explored in each 
model are provided in Table 5. The compo-
sitional variation in MgO (Figure 3a), SiO2 
(Figure 3b), and Al2O3 (Figure 3c) are shown 
as coloured lines on the MAS compatibility 
diagram (Figures 2 and 3f). Figure 3a displays 
how the stability of yoderite varies with chang-
ing MgO. Yoderite is stable across all composi-
tions in the model, suggesting that the amount 
of MgO is not a significant control on yoder-
ite stability.  The model shows that yoderite 
is generally restricted to pressures between 
6.5–15.1 kbar, though its stability expands up-
pressure in the absence of quartz to ~19 kbar 
where it coexists with talc and chlorite. This is 
in agreement with the work done by Focken-
berg and Schreyer (1994), who observed that 
the stability of yoderite increases from around 
15 to 19 kbar in the absence of quartz. At 
pressures above 15.1 kbar there is a stronger 
control on yoderite stability, whereby talc–ky-
anite–quartz assemblages without yoderite oc-
cur at low bulk MgO and yoderite stabilises at 
higher bulk MgO. At lower pressures talc–ky-
anite assemblages are not stable, and yoderite 
and quartz can occur in low MgO, high SiO2 
(relative to each other) compositions. In many 
regards the P–XSiO2 model (Figure 3b) mirrors 
the P–XMgO model (Figure 3a), whereby yo-
derite is stable across the entire compositional 
range, depending on pressure, and many of the 
same assemblage fields occur. Similar to the P–
XMgO model, above ~15.1 kbar yoderite assem-
blages only occur to higher MgO, lower SiO2 
Table 4. Geochemical data for whiteschists from all known localities where such data is available.
Locality Reference H2O SiO2 Al2O3 CaO MgO FeO* K2O Na2O TiO2 O
Chewore Hills
(Johnson & Oliver, 
1998) 20.98 32.8 12.97 0.18 28.06 9.03 0 0.3 0.19 4.51
Zambezi Belt 6.54 65.73 7.57 0.11 16.82 3.49 0.06 0.19 1.11 1.62
Mautia Hill 5.89 70.4 4.52 0 17.36 2.08 0.02 0.13 0.19 0.68
Sar e Sang 10.36 49.87 8.37 0.1 30.3 0.27 0.11 0.52 0.2 0.1
Lyell Highway
(Chmielowski, 
2009) 8.2 60.45 7.59 0.59 19.1 6.55 0.27 0.13 0.3 3.28
Dabie Shan (Rolfo et al., 2000) 0.6 85.49 6.85 3.75 1.44 1.5 0.09 0.65 0.13 0.53
Val d’Ayas
(Le Bayon et al., 
2006) 10.95 69.46 8.55 0.32 6.72 1.09 2.75 0.4 0.28 0.54
Dora Maira
(Ferrando et al., 
2009) 4.92 71.34 9.23 0.18 10.79 1.6 1.55 0.09 0.28 0.01
Modum Complex (Munz, 1990) 6.66 66.77 5.71 0.73 14.29 4.61 0.69 1.91 0.95 2.3
Central Hoggar
(Adjerid et al., 
2015) 11.85 55.31 1.99 0.04 30.27 0.68 0.06 0.07 0.06 0.34
Bulk-rock composition (mole %)
(Schreyer, 1977)
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compositions, whereas talc–kyanite–quartz 
occurs in higher SiO2 lower MgO composi-
tions. Again, at pressures < ~15.1 kbar where 
talc–kyanite assemblages are not stable, yoder-
ite and quartz can occur in high SiO2, lower 
MgO (relative to each other) compositions. 
Figure 3c shows how yoderite stability changes 
with varying concentrations of Al2O3. At low 
amounts of Al2O3, the assemblage chlorite–
talc–hematite–water is stable over the entire 
pressure range of the model. Throughout the 
majority of the diagram, between X = 0.05 
and X = 0.80 yoderite remains stable between 
~6.5–18.8 kbar. For Al2O3-rich compositions 
(above X = 0.80) and pressures above 9 kbar, 
sapphirine-bearing assemblages stabilise at 
the expense of yoderite. Between 5.5–9.0 kbar, 
sapphirine and yoderite coexist in composi-
tions from ~X = 0.6 to X = 1.0. Talc–kyanite 
assemblages do not occur in this model. This 
is a function of the relatively SiO2-poor nature 
of the Chewore Hills whiteschist used as the 
basis, which plots below the talc–yoderite join 
(Figure 3f). Therefore, this model is unable 
to provide insight into yoderite-bearing as-
semblages versus the diagnostic talc–kyanite–
quartz assemblages of whiteschists. However, 
the model does suggest that Al2O3 is perhaps a 
strong control on yoderite stability given that 
yoderite-bearing assemblages do not occur in 
very low Al2O3 compositions. 
Yoderite formation was previously linked 
to high fO2 (Fockenberg & Schreyer, 1991, 
1994), and as such it may be expected to only 
remain stable in compositions with a relatively 
high amount of Fe2O3. However, our model 
shows that for nearly the entire compositional 
range of the diagram, yoderite remains stable 
between ~6.5–18.8 kbar and is stable in hem-
atite-absent assemblages in lower Fe2O3 com-
positions. However, it is important to note that 
yoderite is unstable at all pressures once there 
is no Fe2O3 at X = 0. That yoderite can occur 
in low-Fe2O3, hematite-absent compositions 
suggests that although the two known natu-
ral occurrences of the mineral in low Mn2O3 
rock compositions are associated with hema-
tite, it should be possible to observe yoderite 
in whiteschists that do not contain hematite. 
The provision of a calculated MASH P–T grid 
(Figure 1) that contains yoderite implies that 
at least in theory Fe2O3 is not a prerequisite 
for enabling yoderite stability. Exploring the 
stability of yoderite with varying amounts of 
H2O (Figure 3e) reveals that only ~1 mole% 
H2O (at X = 0.04) is required to form the min-
eral. Throughout the model, yoderite is stable 
at similar pressure ranges as those of the other 
models. As free H2O disappears from the as-
semblages below ~X = 0.5, garnet and spinel 
become stable, and are found in the majority 
of fields < ~X = 0.5. 
In order to more fully assess the influence of 
bulk Al2O3 on yoderite stability and its rela-
tionship to talc–kyanite assemblages, two fur-
ther models with varying Al2O3 were calculat-
ed using a composition with an overall higher 
SiO2 content (see light green line on Figure 
2). These models were used to address how 
yoderite stability varies with increasing Al2O3 
and either increasing (Figure 4a) or decreas-
ing Fe2O3 (Figure 4b), in an attempt to fur-
ther elucidate any Fe2O3 control. Both models 
show the talc–kyanite–quartz assemblage oc-
curring at pressures above ~15.1 kbar, in com-
positions up to approximately X = 0.45. With 
higher Al2O3 (X > ~0.45) quartz disappears 
from assemblages in both models, and yoder-
ite bearing assemblages occur. This compari-
son suggests that above a critical amount of 
Al2O3, yoderite bearing assemblages will form 
at the expense of typical whiteschist assem-
blages. That yoderite appears at the same loca-
tion across the model suggests that Fe2O3 has 
a minor control on yoderite stability and that 
Al2O3 is the more dominant control. However, 
at pressures < 15.1 kbar yoderite is absent from 
the most Al2O3-poor compositions. 
In summary of our investigation into com-
positional constrains on yoderite stability, we 
interpret that the relative importance of bulk 
MgO, SiO2, and Al2O3 on whether yoderite 
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Figure 3. Calculated P–X models for the MASHO system at 725 °C, based on the chemistry of the green yoderite-
bearing pod from the Chewore Hills, with the compositional (X) axis showing varying MgO (a), SiO2 (b), Al2O3 
(c), Fe2O3 (d) and H2O (e). The exact compositional ranges for each diagram can be found in Table 5. Red hori-
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versus more typical talc–kyanite whiteschist 
assemblages occur is strongly a function of 
P–T conditions. At pressures high enough for 
talc–kyanite assemblages to form, yoderite can 
only occur if Al2O3 and MgO are high enough. 
In the case of MgO, the bulk composition 
needs to be more MgO-rich than the talc–ky-
anite join. At lower pressures where talc–ky-
anite assemblages are not stable for the condi-
tions we have modelled, yoderite formation is 
effectively insensitive to bulk MgO and SiO2 
content and is more strongly controlled by 
bulk Al2O3 content. In application to real rock 
compositions, the importance of the trend on 
Figure 2 suggests Al2O3 is a major control on 
yoderite stability, but the importance of pres-
sure and temperature conditions is difficult to 
distinguish from compositional controls. 
APPLICATION OF MODEL TO CHEWORE-
HILL SAMPLE
To demonstrate the ability of our model to 
provide quantitative P–T information for a 
specific rock, we present a calculated P–T 
model for yoderite bearing sample SJ.13.128.1 
described by Johnson and Oliver (1998). This 
sample contains the green yoderite variety and 
was interpreted to record the P–T conditions 
of a metasomatised basalt (Johnson & Oliver, 
1998) that may have been located at a depth > 
50 km (John, Schenk, & Tembo, 2000). Meta-
morphism was likely associated with the colli-
sion between the Congo and Kalahari Cratons 
during amalgamation of the Gondwana super-
continent between c. 550–530 Ma (Johnson & 
Oliver, 2002). Figure 5 presents a series of pho-
tomicrographs that display the relationships 
between key minerals in the sample. Yoderite 
was interpreted by Johnson and Oliver (1998) 
to result from a reaction involving talc, kyanite, 
chlorite and hematite (+ H2O). In thin section 
coarse-grained yoderite contains inclusions of 
chlorite (Figures 5b and 5d), kyanite and he-
matite. Yoderite is in contact with hematite, 
as well as finer-chlorite that serves to separate 
yoderite from coarse-grained talc and kyanite 
(Figures 5a to 5f). A single twin is observed in 
one of the larger yoderite grains in the sample. 
Talc grains are generally coarse-grained and 
elongate, weakly oriented in a similar direc-
tion. Talc is in contact with kyanite, yoderite 
and chlorite (Figure 5f). A small number of 
zontal lines in each model denote univariant reactions. Labelled fields in each model have their assemblages listed 
within the relevant model. Individual, fully labelled diagrams for those presented in this figure can be located in 
the supplementary material. Compositional transects of the P–X(MgO), P–X(SiO2) and P–X(Al2O3) models are shown in 
the MAS diagram (f), with the crossing tie line reactions shown for the Mautia Hill (orange shaded) and Chewore 
Hills (green shaded) yoderite forming reactions. The compositions plotted on the diagram are relative mole% oxide 
amounts. Each apex represents a composition of either 100 mole% MgO, Al2O3 or SiO2.
H2O SiO2 Al2O3 MgO FeO* O
X = 0 26.13 40.85 16.16 0 11.24 5.62
X = 1 17.77 27.78 10.99 32 7.64 3.82
X = 0 22.21 20 13.74 29.71 9.56 4.78
X = 1 12.49 55 7.33 16.71 5.38 2.39
X = 0 21.77 34.04 1 29.13 9.36 4.68
X = 1 15.39 24.07 30 20.6 6.62 3.31
X = 0 22.12 34.6 13.68 29.6 0 0
X = 1 17.15 26.81 10.6 22.94 15 7
X = 0 0 37.54 14.85 32.12 10.34 5.17
X = 1 30 26.28 10.39 22.48 7.24 3.62
H2O (e)
Model (Figure 3)





Table 5. Compositional ranges used to calculate the P–X models displayed in Figure 3.
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Figure 4. P–X pseudosections calculated in the MASHO system at 725 °C, where Al2O3 and Fe2O3 vary along the 
X-axis. In these models, the SiO2 concentrations is higher than the talc–kyanite join (see light green bold line on 
Figure 2). This composition allows for a comparison between the stability of talc–kyanite–quartz bearing assem-
blages and yoderite-bearing assemblages. a) P–X model with Al2O3 and Fe2O3 both increasing from X = 0 to X = 
1; b) P–X pseudosection with Al2O3 increasing and Fe2O3 decreasing from X = 0 to X = 1. Red horizontal lines on 
both models denote univariant reactions.
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talc grains contain inclusions of chlorite and 
kyanite. Kyanite ranges from coarse- to fine-
grained in size, and occurs in contact with yo-
derite, talc and chlorite (Figures 5b and 5d). 
The finer grains commonly occur as inclusions 
in yoderite and talc, whereas the coarser grains 
occur as individual crystals with inclusions of 
chlorite and very fine hematite. Chlorite is 
generally fine-grained and occurs in contact 
with all other minerals in the sample. Chlorite 
predominantly occurs as a matrix mineral sep-
arating the coarser talc, kyanite and yoderite 
Figure 5. Photomicrographs of yoderite bearing sample SJ.13.128.1 discovered by Johnson and Oliver (1998). Ab-
breviations as follows: ky = kyanite, yod = yoderite, chl = chlorite, hem = hematite, ta = talc, dra = dravite. a) Cross-
polarised image (XPL) of yoderite grains separated by kyanite and chlorite, with kyanite additionally separated by 
chlorite; b) same field of view as a) in plane polarised light (PPL); c) XPL image of yoderite with chlorite inclusions 
separated from kyanite with chlorite inclusions by later chlorite. Hematite is also present in the field of view and is 
in contact with chlorite and kyanite; d) same field of view as c) in PPL; e) XPL image of yoderite and talc in contact 
with chlorite, which serves to separate the two phases. Dravite is present at the bottom of the image and is in contact 
with chlorite and yoderite; f) same field of view as e) in PPL.
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Figure 6. P–T pseudosection calculated in the MASHO system for a sample (SJ.13.128.1) of yoderite bearing white-
schist from the Chewore Hills (Johnson & Oliver, 1998). Lines with red labels correspond to stable univariant reac-
tions and all fields are divariant unless stated otherwise. The coloured fields behind the calculated grids refer to the 
different metamorphic facies as shown in Vernon and Clarke (2008), where red = granulite, green = amphibolite, 
blue = blueschist, yellow = eclogite. The field talc–yoderite–chlorite–hematite–H2O is outlined by bold lines, and 
corresponds to the peak assemblage displayed by the sample, occurring between ~6–19 kbar and 650–810 °C. 
Petrological observations of abundant kyanite support that the sample was located in the adjacent talc–kyanite–
chlorite–hematite–H2O field during its prograde history. A possible prograde to peak P–T trajectory is denoted by 
the grey arrow.
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grains, although coarser-grained chlorite does 
occur in the sample and is generally found in 
sharp contact with elongate talc grains. Drav-
ite is also present within the sample (Figure 
5f) and is in contact with kyanite, yoderite 
and chlorite. Dravite ranges from coarse- to 
fine-grained in size, with the coarser-grained 
dravite containing small inclusions of chlorite. 
From the spatial and textural relationships of 
grains in the sample, talc, yoderite, chlorite 
and hematite are interpreted to be part of the 
peak assemblage. The larger kyanite grains 
could be interpreted as belonging to the peak 
assemblage, as these grains are similar to yo-
derite and talc in terms of their distribution 
and size. However, kyanite also occurs as in-
clusions in peak talc and yoderite, indicating 
its prograde stability. Further to this there are 
only inclusions of chlorite and hematite in the 
larger kyanite grains, and not talc or yoderite. 
For this reason we interpret that all kyanite in 
this sample is part of the prograde assemblage, 
which implies the metastable persistence of 
kyanite during peak metamorphism. 
Figure 6 displays the calculated P–T model, 
which is comprised almost entirely of divari-
ant fields bound by univariant reactions and 
invariant points due to the relatively small 
number of components in the system. Our 
model ignores dravite present in this sample, 
as the internally consistent thermodynamic 
dataset of THERMOCALC does not contain 
boron. The model shows that the field corre-
sponding to the interpreted peak assemblage 
talc–yoderite–chlorite–hematite is stable be-
tween ~6–19 kbar and ~650–810 °C. Whereas 
this field is stable over a large range of pres-
sures, it is possible to use petrological relation-
ships and geodynamic constraints to limit the 
practical size of the field. Johnson and Oliver 
(1998) determined that the yoderite in this 
sample formed via the univariant reaction ta 
+ ky + chl + hem > yod + H2O joining points 
IP3 and IP4. This suggests that the sample was 
located at the high pressure, low temperature 
region of the peak assemblage field for at least 
part of its metamorphic history, at pressures 
of 15–19 kbar and temperatures between 650–
710 °C. As this whiteschist was interpreted to 
form during subduction between c. 550–530 
Ma (Johnson & Oliver, 2002), it is possible to 
speculate that the geodynamic environment 
of subduction places thermal gradient restric-
tions that limit the accessible parts of the peak 
assemblage field. To highlight this possibility, 
additionally shown on Figure 6 are thermal 
gradients corresponding to hot modern-style 
(50 °C/kbar; Qu et al., 2011) and Proterozoic–
Archean (60 °C/kbar; Bousquet et al., 2008) 
subduction zones. The age of this sample coin-
cides with the proposed transition to modern 
subduction (Sizova, Gerya, Brown, & Perchuk, 
2010) and as such we propose that the gradi-
ent of ~50 °C/kbar provides a practical upper 
limit for the range of P–T conditions that were 
possible, thereby halving the pressure range 
of the peak field. The interpreted metastable 
persistence of significant (40%) kyanite into 
the peak field provides a good indication of 
the sample’s prograde trajectory, suggesting 
that the rock could have reached pressures in 
excess of 15–20 kbar. We note that in larger 
chemical systems univariant reactions become 
fields, and so kyanite would coexist with the 
interpreted yoderite-bearing peak assemblage 
in a (narrow?) field in such calculations. Due 
to the lack of diversity of retrograde miner-
als in the sample, a detailed cooling trajectory 
cannot be reliably constrained in this sample. 
However, if the sample was indeed subducted, 
the P–T path is likely to be clockwise, involv-
ing cooling with decreasing pressure to reach 
chlorite stability.
APPLICATION OF MODEL TO MAUTIA 
HILL
Initial discoveries of both the green and pur-
ple varieties of yoderite were reported from 
Mautia Hill, Tanzania (McKie, 1959, 1966). 
Petrographic information is only available for 
purple yoderite at this location, which is in-
terpreted to replace the margins of talc and 
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kyanite and from via the reaction ta + ky > 
yod + q (McKie, 1959; Mruma & Basu, 1987). 
Metamorphism of the Mautia Hill whiteschist 
likely occurred at c. 550 Ma, as a result of col-
lision between the Tanzania Craton and Mad-
agascar-India during Gondwana formation 
(Cutten, Johnson, & Waele, 2006). Applying 
our solid-solution yoderite a–x model is not 
directly possible for a green yoderite-bearing 
rock from this locality, as a rock composition 
cannot be sourced. However, Jöns and Schenk 
(2004) report maximum P–T conditions of 
10–11 kbar and 720 °C based on conventional 
thermobarometry of metabasite parageneses. 
The temperatures are consistent with talc–ky-
anite and yoderite stability in our MASH and 
MASHO P–T grids. However, in the absence 
of being able to calculate a P–T model based 
on whole rock geochemistry it is not possible 
to provide a rigorous analysis of the reported 
pressures. Suffice it to say that yoderite and 
quartz, as well as yoderite-bearing quartz-ab-
sent assemblages, are stable in our P–T grids 
at 10–11 kbar.
GEODYNAMIC CONTROLS ON YODER-
ITE FORMATION 
Many existing studies on whiteschist and yo-
derite stability focus on rock compositional 
criteria for explaining their rarity. Whereas 
this is no doubt an important factor, the geo-
dynamic environment of whiteschist forma-
tion, advocated to be subduction, is mostly not 
considered as an important factor (cf. Schrey-
er, 1988). The stability field of yoderite as cal-
culated in this study and as shown in (Focken-
berg & Schreyer, 1994; Schreyer, 1988) occurs 
to higher thermal gradient conditions than 
talc–kyanite assemblages, and for this reason 
the rarity of yoderite amongst whiteschist 
may reflect a geodynamic control in addition 
to compositional factors. With the exception 
of those found in the Modum Complex and 
possibly Pamir Mountains, all known whites-
chists are proposed to be late Neoproterozoic 
or Phanerozoic in age (Adjerid, Godard, & 
Ouzegane, 2015; Chmielowski, 2009; Faryad, 
2002; Ferrando, Frezzotti, Petrelli, & Compag-
noni, 2009; Jöns & Schenk, 2004; Le Bayon, 
de Capitani, & Frey, 2006; Parkinson, 2000; 
Rolfo, Compagnoni, Shutong, & Jiang, 2000). 
As whiteschists are subduction related and 
many fall within the definition of a UHP rock 
(Chopin, 2003), it may be the case that white-
schists require Earth with the cooler ambient 
upper-mantle temperatures that allowed for 
the occurrence of modern subduction systems 
(Brown, 2007; Sizova et al., 2010; Sizova, Ger-
ya, & Brown, 2014). Due to this, the rarity of 
yoderite in the geologic record could, in part, 
be the result of modern subduction systems 
generally failing to produce the warmer geo-
thermal gradients necessary to form yoderite. 
SUMMARY
We have presented a new a–x model for yoder-
ite, for use in the MASH and MASHO chemical 
systems, which can be extended to FMASHO. 
The results of our modelling demonstrate that 
the stability of yoderite is a function of bulk 
rock SiO2, MgO and Al2O3 concentration, but 
which of these is most important is a function 
of pressure and temperature. With the pres-
ence of sufficient Al2O3, green-yoderite bear-
ing assemblages will occur at the expense of 
the typical talc–kyanite–quartz assemblages of 
whiteschists. Fe2O3 and H2O are not consid-
ered to be major controls on yoderite stability.
We propose that the rarity of yoderite in na-
ture, even among whiteschists, is due to a 
combination of rock compositional factors as 
well as the thermal restrictions imposed by 
modern-style subduction zones. Talc–kyanite 
assemblages occur at lower thermal gradients 
than yoderite and so will be favoured. The pro-
vision of an a–x model for yoderite provides 
a platform for more thorough P–T constraints 
in whiteschists, including the impact of addi-
tion of other chemical components, thus en-
hancing the utility of whiteschists in tectono-
metamorphic research.
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INTRODUCTION
The end of the Neoproterozoic Era saw the 
emergence of complex life (Meert and Lieber-
man, 2008) and amalgamation of the super-
continent Gondwana (e.g. Merdith et al., 
2017). These two events mark critical stages 
in the development of both the planet and life, 
and are likely intrinsically related (Meert and 
Lieberman, 2008). Thus, constraining Neopro-
terozoic palaeogeography and the amalgama-
tion of Gondwana is a key step towards un-
derstanding the inteplay between the evolving 
continents and wider Earth system. The Congo 
Craton (Fig. 1) occupied a key position of cen-
tral Gondwana and is bordered on its south-
ern margin by the Damara–Lufilian–Zambezi 
orogens, which record collision between the 
Congo and Kalahari cratons in the final stages 
of Gondwana amalgamation (e.g. De Waele 
et al., 2008; John et al., 2004; Merdith et al., 
2017). This collision is additionally recorded 
in the Mesoproterozoic Southern Irumide 
Belt (SIB), which formed part of the south-
ern Congo margin during the Neoproterozoic 
(Alessio et al., 2019; Johnson et al., 2006). To-
gether, the SIB and adjacent Zambezi Belt (Fig. 
1a, b) provide complementary tectono-meta-
morphic records that provide first order con-
straints on the style and dynamics of collision 
between the Congo and Kalahari cratons. Such 
constraints provide insights into the develop-
ment of a major collision zone forming part of 
central Gondwana, thereby enabling a better 
understanding of its amalgamation. This study 
provides new structural and pressure–tem-
perature (P–T) constraints for the Chewore–
Rufunsa Terrane of the SIB, and supracrustals 
of the Zambezi Belt. These are compared to 
pre-existing data in order to constrain the tec-
tono-metamorphic overprints generated dur-
ing Congo–Kalahari collision. In addition, we 
provide new U–Pb, Lu–Hf and rare earth ele-
ment (REE) zircon data for supracrustal lith-
ologies from the Zambezi Belt, which are used 
ABSTRACT
The late-Neoproterozoic collision of the Congo and Kalahari cratons occurred during the final 
stages of Gondwana amalgamation. In the Southern Irumide and Zambezi belts of southern 
Zambia, this collision is recorded by pervasive structural overprints and metamorphic over-
prints that vary significantly, ranging from high-pressure ‘whiteschist’ mineral assemblages to 
more conventional amphibolite facies mineral assemblages. This study uses structural and ther-
mobarometric constraints to better understand the contrasting tectono-metamorphic overprints 
within the Southern Irumide and Zambezi belts, and the implications they have for Gondwana 
assembly. Additionally, we present U–Pb and Lu–Hf isotopic data for Zambezi Belt supracrustal 
units, which constrain the evolution of the region and demonstrate their equivalence in age and 
isotopic composition to units in the Southern Irumide Belt. Thermobarometric calculations for 
a sample of metapelite from a supracrustal sequence in the Zambezi Belt show it records peak 
conditions of 4.1–7.9 kbar and 560–670 °C (70–165 °C/kbar). Calculations made for a sample 
of retrogressed whiteschist from the Chewore–Rufunsa Terrane of the Southern Irumide Belt 
suggest conditions below 15 kbar and 590 °C (30–90 °C/kbar), further elucidating the pressure–
temperature evolution of whiteschists in the region that experienced peak conditions between 
9–19 kbar and 650–790 °C (30–90 °C/kbar). Both the metapelite and (retrogressed) whiteschist 
are interpreted to have formed during Congo–Kalahari collision, and are likely coeval with E–W 
trending folds identified in both the Southern Irumide and Zambezi belts. However, the am-
phibolite facies metapelite is interpreted to have formed in a compressional setting proximal to 
the southern Congo margin, whereas the whiteschist instead formed directly at the site of con-
tinental collision, marking the suture zone between the Congo and Kalahari cratons. These data 
highlight the multiple processes occurring during Congo–Kalahari collision, further elucidating 
the development of a key suture zone at the centre of Gondwana amalgamation.
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Figure 1.  Location maps illustrating the study area and its position relative to tectonic units in central Africa. a) 
Simplified tectonic map of central Africa adapted from Alessio et al. (2018) and Hanson (2003). Abbreviations: 
ANG, Angola Block; BW, Bangweulu Block; CD, Cabo Delgado Nappe Complex; CKB, Choma-Kalomo Block; 
DB, Damara Belt; GAB, Gabon Craton; IB, Irumide Belt; KAP, Kaapvaal Craton; KAS, Kasai Block; KB, Kibaran 
Belt; LA, Lufilian Arc; LB, Limpopo Belt; LF, Lurio Foreland; MAB, Magondi Belt; MB, Mozambique Belt; NC, NE 
Congo Block; NKB, NE Kibaran Belt; RUS, Rusizian Belt; SIB, Southern Irumide Belt; TAN, Tanzania Craton; UBB, 
Ubendian Belt; UG, Uganda Block; USB, Usagaran Belt; WCB, West Congo Belt; ZB, Zambezi Belt; ZIM, Zimba-
bwe Craton. b) Simplified geological map of the Kafue and Lusaka regions adapted from Johnson et al. (2007a).
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to better constrain the development of this belt 
and its temporal relationship to the SIB.
GEOLOGICAL BACKGROUND
The Congo Craton refers to the amalgamated 
central African landmass at the time of Gond-
wana assembly (Fig. 1; De Waele et al., 2008), 
and comprises a series of Archean to Palaeo-
proterozoic cratons that formed the nucleus of 
Gondwana (Merdith et al., 2017). The collision 
of the Congo and Kalahari cratons occurred 
between c. 550–530 Ma (Johnson et al., 2006; 
Johnson et al., 2007b), and is reflected in the 
pervasive tectono-metamorphic overprints 
preserved in the both the SIB and Damara–
Lufilian–Zambezi orogens (Fig. 1b).
The Southern Irumide Belt 
In Zambia, the SIB (Fig. 1a, b) is comprised 
of four structurally stacked, predominantly 
late-Mesoproterozoic (c. 1095–1040 Ma) ter-
ranes. These terranes bear a pervasive tecto-
no-metamorphic fabric that overprints ear-
lier Mesoproterozoic deformation relateing to 
Congo–Kalahari collision and stacking at c. 
550–520 Ma (Alessio et al., 2019; Johnson et 
al., 2006; Johnson et al., 2007b). The belt ex-
tends from southern Zambia to Malawi, Mo-
zambique, and Tanzania, where numerous 
studies have identified terranes with similar 
lithologies and overprints to those in Zambia 
(Alessio et al., 2018; Bingen et al., 2009; Boyd 
et al., 2010; Hauzenberger et al., 2014; Wester-
hof et al., 2008). Earlier interpretations of the 
SIB considered it to be separate to the Congo 
Craton prior to the late Mesoproterozoic, in-
stead accreting to the southern Congo Craton 
margin at this time (Johnson et al., 2007b). 
However, more recent interpretations suggest 
the belt to have initially formed on the Congo 
Craton margin, which is based on the similar-
ity of basement units and overlying sediments 
in the SIB and the Irumide Belt (sensu stricto; 
referred to as the Irumide Belt herein) that 
formed along the Congo margin (Alessio et al., 
2019; Alessio et al., 2018; Bingen et al., 2009). 
Two phases of regional compression have been 
observed in the Zambian terranes of the SIB, 
with D1 being broadly N–S directed and likely 
coeval with Congo–Kalahari collision (Alessio 
et al., 2019). D2 in this region was E–W direct-
ed and possibly occurred during the Permian–
Triassic in response to intra-plate stresses as-
sociated with the Mauritanian–Variscan and 
Gondwanide orogenies, though the timing of 
D2 is uncertain (Alessio et al., 2019). 
The Zambezi Belt
The Zambezi belt is primarily located in 
southern Zambia and northern Zimbabwe, 
between the Congo and Kalahari cratons (Fig. 
1a, b). Previous work suggests a continuity be-
tween this belt, the Lufillian Arc, and Damara 
Belt (e.g. Hanson et al., 1994; Hutchins and 
Reeves, 1980; Johnson et al., 2007a; Kampun-
zu and Cailteux, 1999; Mazac, 1974), which 
together define the suture between the Congo 
and Kalahari cratons. Peak metamorphism in 
these belts was constrained to have occurred 
between c. 550–520 Ma, and likely represents 
the time of this suturing (Johnson et al., 2005). 
In Zambia, the Zambezi Belt crops out as a 
series of Neoproterozoic supracrustal litholo-
gies (Fig. 1b). These were previously dated by 
Johnson et al. (2007a), who suggest this sec-
tion of the Zambezi Belt to have resided on the 
southern Congo Craton margin prior to colli-
sion with the Kalahari Craton (Johnson et al., 
2007a). These authors obtained U–Pb zircon 
ages of c. 880 Ma from volcanoclastic forma-
tions and ages of c. 820 Ma from granites that 
intrude sediments yielding detrital ages pre-
dominantly between c. 1100–1000 Ma. These 
authors also obtained Nd isotopic data from 
the volcanics, which are indicative of assimi-
lation and recycling of basement rock that is 
suggested to have occurred during rifting on 
the southern Congo Craton margin.
Congo–Kalahari metamorphism
Numerous studies have produced P–T esti-
mates for lithologies in close proximity to the 
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Congo–Kalahari suture. Several of the these 
estimates were obtained from whiteschists — 
chemically simple rocks that are suggested 
to reflect continental subduction (Johnson, 
2011) — which are exposed throughout the 
SIB, Lufillian Arc and Zambezi Belt (Alessio 
and Kelsey, 2018; John et al., 2004). The earliest 
estimates of the conditions recorded by these 
rocks come from the Zambezi Belt and utilise 
petrogenetic grids that gave peak P–T condi-
tions of 13–21 kbar and 590–650 °C (Johnson 
and Oliver, 1998). Subsequent P–T estimates 
of whiteschists in the SIB and Lufilian Arc were 
obtained via conventional thermobarometry, 
and gave conditions of 9–14 kbar and 675–775 
°C (John et al., 2004). The most recent work 
done to constrain the thermobarometric con-
ditions recorded by these whiteschists comes 
from the Zambezi Belt and utilises calculated 
phase equilibria modelling, which constrains 
peak conditions of ~14–19 kbar and 650–770 
°C (Alessio and Kelsey, 2018). U–Pb mona-
zite geochronology constrains metamorphism 
of the whiteschists to have occurred at c. 530 
Ma (John et al., 2004). In northern Zimba-
bwe (proximal to the Congo–Kalahari suture), 
Goscombe et al. (2000) identified 550–500 Ma 
metamorphic overprints recording peak con-
ditions of ~7–9 kbar and ~590–720 °C for a 
series of Mesoproterozoic terranes referred to 
as the Chewore Inliers. The whiteschists inves-
tigated by Johnson and Oliver (1998) are part 
of these inliers, though are considered to be 
discrete, fault-bound and likely separate to the 
other terranes here (Goscombe et al., 2000). 
Whereas P–T information is unavailable from 
the Zambian portion of the Zambezi Belt, 
the available geochronological data suggests 
that the overprints here are contemporaneous 
with those elsewhere in the Zambezi belt and 
southern Zambia (Goscombe et al., 2000; John 
et al., 2004; Johnson et al., 2007a). 
METHODS
Samples were collected from the Chewore–
Rufunsa Terrane of the Southern Irumide 
Belt, as well as the Zambezi Belt supracrustal 
sequences located within the Kafue region 
of southern Zambia (Fig. 1b). These samples 
were analysed for geochronology, zircon trace 
element composition and thermobarometric 
modelling as described below. An attempt to 
constrain the thermal evolution of modelled 
samples via in-situ U–Pb apatite dating was 
also undertaken, though the obtained data are 
poor and did not produce a meaningful age. 
The obtained thermochronological data can 
be found in the supplementary material. The 
structural context of the Chewore–Rufunsa 
Terrane and Kafue region were constrained 
via transects through both areas. Structural 
data obtained along these transects are plotted 
on lower-hemisphere equal-area stereographic 
projections created with the STEREONET 9 
program, based on algorithms described by 
Cardozo and Allmendinger (2013) and All-
mendinger et al. (2011). Zircon trace element 
and isotopic data were acquired at the John 
de Laeter Centre, Curtin University (Western 
Australia). 
Thermobarometric modelling
Pressure–temperature models were calculated 
for metapelite sample Z16-06 from the Zam-
bezi Belt, as well as SIB whiteschist sample 
Z16-09, which was sourced from the Chowe 
River (Fig. 1b) in near proximity (< 2 km) to 
the whiteschist exposure studied by John et al. 
(2004). Calculations utilised the phase equi-
librium modelling program THERMOCALC 
v.3.37, using the internally consistent dataset 
of Holland and Powell (2011), ds62. Activ-
ity–composition models used are from Pow-
ell et al. (2014), White et al. (2014a), White 
et al. (2014b) as well as Alessio and Kelsey 
(2018). Quantitative P–T information for the 
metapelite sample was calculated for the Mn-
NCKFMASHTO (MnO–Na2O–CaO–K2O–
FeO–MgO–Al2O3–SiO2–H2O–TiO2–Fe2O3) 
system. Quantitative P–T information for 
sample Z16-09 was calculated for the NCKF-
MASHO system, which relates to its relatively 
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simple bulk-rock chemistry. Due to the uncer-
tainty in Fe2O3 versus FeO amounts (i.e. oxi-
dation state) measured during routine whole-
rock geochemical analyses and the influence 
of Fe3+ on mineral stability (e.g. Boger et al., 
2012), appropriate contents for the modelled 
pelite Z16-06 were evaluated via the calcula-
tion of a T–XO model. An assumed mole% 
value of 0.95 = (Fe2O3/(FeO + Fe2O3)) was 
used for sample Z16-09, which we consider 
an appropriate reflection of the oxidation state 
of the rock given the presence of hematite in 
the sample and the highly oxidising processes 
that form whiteschists (Alessio and Kelsey, 
2018; Fockenberg and Schreyer, 1994; Franz et 
al., 2013; Johnson, 2011; Johnson and Oliver, 
1998; Schreyer, 1974). All models were cal-
culated with excess H2O. Modelled bulk-rock 
compositions for samples Z16-06 and Z16-09 
were acquired via X-ray fluorescence (XRF) at 
Franklin and Marshall College (United States). 
These compositions can be found in the sup-
plementary material. CaO proportions in sam-
ple Z16-09 were recalculated to account for the 
presence of significant apatite in the sample, 
which is unable to be considered in thermo-
barometric calculations. A mineral liberation 
analysis map and associated EDS data for sam-
ple Z16-09 can be found in the supplementary 
material.
Zircon analysis 
Isotope and trace element data were obtained 
from separated zircon grains that were ex-
tracted from crushed rocks using standard 
magnetic and heavy liquid techniques. Zir-
con separates were hand-picked, mounted in 
epoxy resin and then polished to expose the 
grains. The grains were imaged at Adelaide 
Microscopy on an FEI Quanta 600 Scanning 
Electron Microscope (SEM) Zircon grains us-
ing a Gatan cathodoluminescence (CL) detec-
tor to identify compositional domains that 
were suitable for analysis. Related CL images 
for analysed zircon samples are provided in 
the supplementary material. Zircon grains 
were analysed for U–Pb isotopes and trace 
elements via split stream LA–ICP–MS, using 
a Resonetics RESOlution laser ablation sys-
tem connected to an Agilent 7900 quadrupole 
ICP–MS and a Nu Instruments Nu Plasma 
II multi-collector (MC). U–Pb isotopes were 
measured using MC–ICP–MS, while trace ele-
ments were measured in tandem using quad-
rupole ICP–MS. Ablation of zircon was per-
formed in a He-ablation atmosphere with a 
frequency of 5 Hz. A spot size of 30 μm was 
used for all analyses.  A total acquisition time 
of 80 seconds was used consisting of 10 sec-
onds of spot pre-ablation, 40 seconds of back-
ground acquisition and 30 seconds of sample 
ablation. The Standard GJ (206Pb/238U = 608.5 
± 0.4 Ma; Jackson et al. (2004)) was used as the 
primary standard for all zircon analyses, while 
Plešovice (206Pb/238U = 337.13 ± 0.37 Ma; Sláma 
et al. (2008)) and 91500 (206Pb/238U = 1065.4 ± 
0.6 Ma; Wiedenbeck et al. (1995)) were used 
as secondary standards. Standard glass NIST 
610 was used during trace element analysis as 
a reference material for corrections to mass 
bias drift. Throughout this study Plešovice 
yielded a 95% concordant average 206Pb/238U 
age of 340.1 ± 3.4 Ma (2σ, n = 10), 91500 yield-
ed a 95% concordant average 206Pb/238U age of 
1061.6 ± 3.4 Ma (2σ, n = 20). Zircon data were 
reduced using IOLITE (Paton et al., 2011). All 
individual U–Pb zircon analyses can be found 
in the supplementary material.
Lu–Hf isotope analysis of zircon was conduct-
ed using the same Nu Plasma II multi-collec-
tor, with no split streaming to the quadrupole 
ICP–MS. Zircons were ablated in a helium 
atmosphere, which was mixed with argon up-
stream of the ablation cell. Individual analyses 
consisted of two cleaning pulses, followed by 
40 seconds of background acquisition and 20 
seconds of sample ablation with a 10 Hz rep-
etition rate, and beam intensity of ~2.8 to 3 J/
cm2. A spot size of ~50 μm was used, and was 
centred over previously ablated U–Pb and 
trace element spots. Data were normalised to 
179Hf/177Hf = 0.7325; Yb and Lu isobaric inter-
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ferences on 176Hf were corrected for following 
the methodology of Woodhead et al. (2004). 
Reduction of Lu–Hf data was done using IO-
LITE (Paton et al., 2011). Known standards 
were run throughout the analytical session 
to verify the stability and performance of the 
instrument. The primary standard used for 
Hf isotopes was Mud Tank, which yielded a 
mean 176Hf/177Hf ratio of 0.282506 ± 0.00001 
(2σ, n = 29). This is within uncertainty of the 
known value of 0.282507 ± 0.000006 provided 
by (Woodhead and Hergt, 2005). All individ-




Structural data were collected from the Kafue 
region and southern Chewore–Rufunsa Ter-
rane of the SIB to identify dominant structural 
fabrics and their relationship to the tectono-
metamorphic overprints recorded by rocks 
in these areas.  These data supplement that 
previously obtained by the Geological Survey 
of Zambia (Thieme, 1984) and are presented 
in Figure 2a, b. Obtained bedding and folia-
tion measurements from the Kafue region, as 
well as the southern Chewore–Rufunsa Ter-
rane, are displayed on stereonets in Figure 2b. 
Bedding and foliation measurements from 
the Kafue region are predominantly moder-
ate to steeply dipping (> 40°) and strike N–S 
Figure 2. Structural diagram of the Kafue region and southern Chewore–Rufunsa terrane of the SIB. a) Structural 
map displaying measurements obtained in this study, as well as projected measurements previously obtained by 
Thieme (1984). The dashed blue lines represent foliation strike trends interpreted from the available structural data. 
Grid references refer to latitude (S) and longitude (E) in decimal degrees. b) Stereonets displaying poles to bedding 
and foliation measurements obtained from the Kafue region and southern Chewore–Rufunsa terrane during this 
study. c) Interpreted fold axial traces. The orange lines reflect a phase of broadly NE–SW trending folds (F1), while 
the blue lines represent a subsequent phase of N–S directed folding (F2).
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to NW–SE, consistent with N–S oriented 
folds. Foliation measurements obtained from 
the Chewore–Rufunsa Terrane vary in both 
dip and orientation. The majority of foliation 
measurements from this terrane are relative-
ly shallow to moderately dipping (< 50°) and 
broadly E–W striking, consistent with an E–W 
trending fold. A number of measurements are 
more steeply dipping and are broadly NW–SE 
striking, which may reflect N–S folding. The 
newly obtained and existing data are used to 
extrapolate foliation trends in the region (as 
marked by the dashed blue lines in Fig. 2a), 
and indicate two phases of compression, one 
broadly directed N–S (D1) and the other E–W 
directed (D2; Fig. 2c). The first phase is identi-
fied from the prominent E–W trending tight 
to isoclinal fold (F1) that extends across the 
entire Chewore–Rufunsa Terrane and is also 
observed in the western extent of the Kafue re-
gion (Fig. 2a, c). The second phase of compres-
sion is identified from a series of N–S trend-
ing folds (F2) that can be observed in both the 
Chewore–Rufunsa Terrane and Kafue region, 
being more prominent in the latter. These folds 
range from open to tight and refold the tighter 
E–W trending F1 folds (Fig. 2a). Such a rela-
tionship is consistent with fold structures ob-
served throughout the entire Zambian portion 
of the SIB, with E–W trending folds in the ter-
ranes further east suggested to be refolded by 
subsequent N–S folding (Alessio et al., 2019).
Thermobarometric modelling
Two samples were utilised for thermobaro-
metric modelling, which constrain the tec-
tono-metamorphic overprints in the Kafue 
region and Chewore–Rufunsa Terrane of the 
SIB. Sample Z16-06 is a metapelitic schist, 
sourced from the supracrustal sequences of 
the Zambezi Belt located in the Kafue region 
of southern Zambia (Fig. 1b). Chlorite–quartz 
schist sample Z16-09 was sourced from the 
southern-most extent of the Chewore–Rufun-
sa Terrane (Fig. 1b), which is part of the white-
schist exposures studied by (John et al., 2004). 
Z16-06: Kafue metapelite
Petrography
Sample Z16-06 consists of quartz, plagioclase, 
muscovite, biotite, garnet, staurolite and chlo-
rite as well as minor ilmenite and rutile (Fig. 
3a, b). Elongate muscovite and to a lesser ex-
tent biotite are present as layers that define a 
pervasive fabric throughout the sample (Fig. 
3a). These layers are separated by layers pre-
dominantly comprised of generally equant to 
rounded quartz and plagioclase. A heteroge-
neity is observable in these layers, with some 
layers containing randomly oriented to loosely 
aligned biotite and a single layer containing 
abundant garnet that is significantly larger (up 
to ~150 µm) than the phases it is in contact 
with. Garnet in this sample is highly poikilo-
blastic, containing abundant quartz inclu-
sions, and is often flattened to appear rectan-
gular in shape with the long axis parallel to the 
main fabric. The main fabric can be observed 
to wrap around these grains in places. Several 
garnet grains, predominantly those that are 
more rounded, are in contact with chlorite and 
biotite that form a sigmoidal taper away from 
the garnet in alignment with fabric defined by 
muscovite and biotite. The flattened nature of 
garnet grains in the sample, associated sigmoi-
dal tapers and deflection of the fabric are in-
dicative of the garnet in this sample forming 
prior to or synchronous with the main fabric. 
While sigmoidal tapers are present, the quartz 
inclusions in the garnet are flattened with the 
long axis parallel to the main fabric, much like 
several of the garnet grains, and minor evi-
dence of rolling is observed in these inclusions. 
Staurolite (Fig. 3a, b) is similar in size to the 
garnet. The fabric defined by muscovite and 
biotite is deflected by staurolite, suggesting it 
pre-dates the main fabric, or at least the most 
recent fabric to have developed around stau-
rolite. The staurolite is highly poikiloblastic, 
containing abundant quartz inclusions. While 
appearing to pre-date the main fabric recorded 
by the rock, the large grain sizes of garnet and 
staurolite suggest that these phases remained 
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stable during peak-metamorphism. Chlorite 
in this sample is predominantly found in the 
quartz dominated layers, and occurs in contact 
with all other phases in the sample. It is typi-
cally unaligned with the fabric, though does 
form part of the sigmoidal tails observed on 
garnet grains. Rutile is primarily observed to 
form in cracks of garnet grains, suggesting that 
it formed subsequently to the garnet. Whether 
the rutile formed during peak metamorphism, 
or a later stage of prograde metamorphism, is 
uncertain. However, the absence of rutile from 
the main fabric of the rock and restriction to 
being retained within prograde–peak garnet 
grains suggests that it likely reflects prograde 
metamorphism. It is possible that rutile was 
a primary inclusion in garnet, with the weak-
ness around these inclusions being exploited 
by later fractures. Given their abundance and 
presence in the pervasive fabric of the rock, 
muscovite, biotite, quartz and plagioclase are 
interpreted to form part of the stable peak as-
semblage. Therefore, the interpreted peak as-
semblage for this sample consists of garnet, 
staurolite, quartz, plagioclase, muscovite, bio-
tite and ilmenite. Temperature–composition 
modelling (found in the supplementary ma-
terial) identifies the presence of ilmenite over 
magnetite or hematite, as this is only relevant 
mineral that occurs in the oxidation range al-
lowing for the stability of garnet and staurolite 
in the peak assemblage without the additional 
Figure 3. Photomicrographs of samples used for P–T calculations. a) Plane polarised light (PPL) image of metape-
lite sample Z16-06 displaying poikiloblastic garnet in contact with quartz, muscovite and staurolite. Staurolite is 
variably poikiloblastic, and is in contact with quartz, muscovite, plagioclase, chlorite and garnet. Muscovite defines 
a pervasive fabric within the sample. Chlorite is found within the muscovite defined fabric, but is also observed 
separating staurolite, muscovite and quartz. b) Same field of view as image a), in cross polarised light (XPL). c) PPL 
image of chlorite–quartz schist sample Z16-09. The sample is predominantly comprised of quartz, muscovite and 
chlorite, with tourmaline and hematite. Larger tourmaline and quartz grains can be seen to be dispersed by finer 
chlorite, muscovite and quartz. d) Same field of view as image c) in XPL.
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Figure 4. P–T pseudosection calculated in the MnNCKFMASHTO system for sample Z16-06, a metapelite from 
the Zambezi Belt supracrustals. The field muscovite–biotite–ilmenite–plagioclase–staurolite–quartz–garnet–H2O 
is outlined in bold lines and corresponds to the peak assemblage recorded by the sample, which is stable between 
~4.1–7.9 kbar and 560–670 °C. The interpreted P–T path experienced by the sample is marked by the grey dashed 
line, though is largely illustrative due to the relative lack of petrographic constraints on prograde and retrograde 
metamorphism.
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Figure 5. P–T pseudosection calculated in the NCKFMASHO system for chlorite–quartz schist sample Z16-09 
from the southern Chewore–Rufunsa Terrane. The field corresponding to the equilibrium assemblage of the rock is 
interpreted as the chl–pa–mu–q–hem–H2O field, which is outlined by bold lines and (within the diagram) occurs 
at pressures up to 15 kbar and temperatures up to 570 °C. Superimposed on the diagram in black are the peak con-
ditions calculated by Alessio and Kelsey (2018) for a yoderite bearing whiteschist from the Chewore Hills, the peak 
conditions calculated by John et al. (2004) for whiteschists collected within 2 km of this sample and of the Lufilian 
Arc, as well as the peak conditions recorded by sample Z16-06.
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stability of chlorite. This range also permits the 
stability of rutile at higher and lower pressures. 
Chlorite is interpreted as a retrograde phase, 
due to its tendency to mantle peak phases and 
generally being unaligned with the fabric. 
P–T modelling
The calculated P–T model for sample Z16-06 
in the MnNCKFMASHTO system is presented 
in Figure 4. The muscovite–biotite–ilmenite–
plagioclase–staurolite–quartz–garnet–H2O 
field corresponds to the interpreted peak as-
semblage recorded by this sample, and is stable 
between ~4.1–7.9 kbar and 560–670 °C. Such 
conditions correspond to a thermal gradient 
of ~80–120 °C/kbar. The interpreted prograde 
stability of staurolite and garnet, as well as the 
minor presence of rutile and absence of any 
aluminosilicate mineral may indicate that the 
prograde path of the rock passed through the 
higher pressure, rutile-bearing fields. Howev-
er, the prograde evolution of the rock beyond 
these rutile-bearing fields is undefined. The 
presence of retrograde chlorite and apparent 
persistence of staurolite and garnet suggests 




Z16-09: Southern Irumide Belt chlorite schist
Petrography
This sample consists of quartz, chlorite, mus-
covite, tourmaline, hematite, apatite and mi-
nor rutile (Fig. 3c, d). Quartz is abundant 
throughout the sample, and ranges from ~10–
100 µm in size. It is observed in contact with 
chlorite, tourmaline, and muscovite. Musco-
vite in this sample ranges from < 10 to ~30 µm 
in size and is predominantly associated with 
chlorite, though is also in contact with quartz 
and tourmaline.  Chlorite is in contact with all 
other phases in the sample and is fine grained 
(~1–20 µm). The chlorite in this sample does 
not display pleochroism and is very pale col-
oured, suggesting it is Fe-poor (confirmed by 
EDS) and more likely the Mg-rich end-mem-
ber sheridanite. Hematite is highly variable in 
size (though never greater than ~50 µm) and 
shape. It is observed in contact with all other 
phases in the sample. Textural relationships 
suggest that the dominant minerals quartz, 
chlorite and muscovite are in equilibrium and 
do not separate each other. Apatite and tour-
maline grains are larger grained (~20–200 and 
30–100 µm, respectively) than the more domi-
nant minerals muscovite and chlorite, though 
are separated from each other by these phases. 
We interpret that the sample records an equi-
librium assemblage of chlorite–quartz–mus-
covite–hematite ± tourmaline–apatite  
P–T modelling
Figure 5 displays a P–T model calculated for 
sample Z16-09 in the NCKFMASHO sys-
tem. The field chlorite–paragonite–musco-
vite–quartz–hematite–H2O is interpreted to 
correspond to the interpreted equilibrium 
assemblage recorded by the sample. We sug-
gest that the occurrence of paragonite (mode 
= 1.7–2.5%) in this field relates to the presence 
of Na in dravite in the rock, which cannot be 
accounted for in phase equilibria calculations. 
EDS analysis of tourmaline in this sample sug-
gests it to be dravite and accordingly, the Na 
and Al from this mineral are instead incorpo-
rated into paragonite in the model. None the 
less, the model in Figure 5 provides a broad 
constraint of the P–T conditions recorded by 
the sample’s equilibrium assemblage. The field 
best corresponding to this assemblage is large 
and stable to pressures < 15 kbar (at 400 °C) 
and temperatures < 580 °C corresponding to 
thermal gradients between ~30–90 °C/kbar. 
Zircon geochronology and chemistry
Attempts were made to constrain the specific 
metamorphic ages of the samples modelled in 
this study (Z16-06 and Z16-09), though were 
unsuccessful due to the paucity of datable ac-
cessory phases (e.g. Zircon, Monazite) within 
these samples. U–Pb data were acquired for 
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apatite grains within these samples, though 
were poor and did not produce any meaning-
ful age. Sample Z16-09 was acquired from out-
crop in Chowe River, which hosts the whites-
chist studied by John et al. (2004) that yields a 
metamorphic age of c. 530 Ma. Goscombe et 
al. (2000) identified 550–500 Ma amphibolite 
facies metamorphic overprints in the Zam-
bezi Belt of Zimbabwe. Johnson et al. (2007a) 
obtained U–Pb zircon ages for basement and 
overlying sedimentary rocks of the Zambezi 
supracrustals, indicating that the sedimentary 
rocks (from which sample Z16-06 is derived) 
were deposited during the Neoproterozoic, on 
c. 1100 Ma basement. The timing of deposi-
tion restricts sample Z16-06 to recording a 
metamorphic overprint relating to Congo–
Kalahari collision, consistent with the meta-
morphic ages elsewhere in the Zambezi Belt, 
as opposed to the late-Mesoproterozoic meta-
morphism that is the only other metamorphic 
event recorded in this region (Alessio et al., 
2019; Goscombe et al., 2000; Johnson et al., 
2006; Karmakar and Schenk, 2016). The rela-
tionship between the sedimentary rocks that 
sample Z16-06 is derived from and underly-
ing basement has been further constrained by 
dating the following samples of the Zambezi 
Figure 6. U–Pb concordia diagrams for zircon samples obtained from the Kafue region. a) Concordia diagram dis-
playing ≥90% concordant analyses for granodiorite sample Z16-01, which are used to calculate a crystallisation age 
for the sample. The interpreted Pb loss chord for the sample is indicated by the dashed line. b) Concordance versus 
206Pb/238U age plot for sample Z16-01. c) Hfi versus 
206Pb/238U age plot for sample Z16-01. d) Concordia diagram 
for detrital zircon sample Z16-03, ≥ 90% concordant analyses are shaded grey. e) Associated KDPs for Z16-35 with 
207Pb/206Pb ages plotted for all analyses (light grey) and only ≥ 90% concordant analyses (dark grey).




Sample Z16-01 is a granodiorite collected from 
the Kafue region, approximately 20 km south 
of Kafue (Fig. 1b). Zircons extracted from this 
sample are clear to yellow in hue, between 50 
to 200 μm at the long axis and display aspect 
ratios between 1:2 and 1:5. In CL images, the 
grains generally exhibit oscillatory zonation, 
typical of igneous zircon, with inclusions ob-
served in some grains. Sixty-five (65) zircons 
were analysed from this sample for their U–Pb 
isotopes, from which 35 are ≥ 90% concord-
Figure 7. εHf(t) versus U–Pb age plot and trace element diagrams for granodiorite sample Z16-01 and detrital 
zircon sample Z16-03 from the Kafue region. a) εHf(t) versus U–Pb age plot. εHf(t) values for sample Z16-01 are 
plotted at the interpreted crystallisation age of 1096 ± 11 Ma for the sample, while values for detrital sample Z16-03 
are plotted at the individually obtained age for each grain. The Uncertainty for age and εHf(t) values for the data 
obtained in this study are shown at the 2σ level. The depleted mantle curve of Griffin et al. (2002) is plotted. b) and 
c) Rare-earth element diagrams normalised to the average chondrite (McDonough and Sun, 1995) for samples 
Z16-01 and Z16-03, respectively. d) U (ppm) versus Yb (ppm) diagram for Z16 samples, with the grey field outlin-
ing the values for continental zircons (Grimes et al., 2007). e) U/Yb versus Hf (ppm) diagram for Z16 samples, with 
the grey field outlining the values for continental zircons (Grimes et al., 2007).
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ant. These near-concordant analyses are pre-
sented in Figure 6a, and form a distinct lead 
loss line that is corroborated by decrease in 
concordance with age (Fig. 6b) and broadly 
identical Hfi values across grains (Fig. 6c). 
Eight analyses were removed from age calcula-
tions, with these grains possibly containing a 
common Pb component, with the remaining 
27 used to calculate an upper concordia in-
tercept in ISOPLOT that yields an age of 1094 
± 8 Ma (N = 27; MSWD 1.6), which is taken 
as the best estimate for crystallisation of the 
granodiorite. Lu–Hf data were obtained for 
15 grains from this sample (Fig. 7a) and yield 
evolved εHf(t) values ranging from approxi-
mately –3 to –18. REE data were obtained for 
all analysed zircons (Fig. 7b), displaying typi-
cal concentrations that indicate a general in-
crease of elemental abundance with increasing 
atomic mass (Hoskin and Ireland, 2000). All 
grains contain U, Yb and Hf concentrations 
(Fig. 7d,e) that are consistent with zircon de-
rived from a continental source (Grimes et al., 
2007).
Z16-03: Kafue quartzite
A sample of detrital zircons were obtained 
from a quartzite within the Kafue region, ap-
proximately 5 km south-west from sample 
Z16-01 (Fig. 1b). Nineteen zircons were ob-
tained from the sample, which were clear to 
yellow-brown and 30 to 70 μm at the long 
axis with aspect ratios of 1:1 to 1:2. Due to the 
paucity of zircon obtained from this sample, 
the associated data and interpretations thereof 
are noted to be preliminary findings. Oscilla-
tory zonation was observed in most analysed 
grains, which were rounded and commonly 
fractured. The 19 grains from this sample were 
analysed for U–Pb isotopes and are presented 
in Figure 6d. Eight of the analysed grains are 
≥ 90% concordant, and yield 206Pb/238U ages 
that range from 1001 ± 13 Ma to 1112 ± 17 
Ma. The Kernel Density Plot (KDP) for this 
sample indicates the concordant analyses to 
form a single population at c. 1100 Ma (Fig. 
6e). Obtained εHf(t) values for this sample are 
presented in Figure 7a, and display predomi-
nantly evolved values from c. 1100–1000 Ma. 
Three samples can be seen to record largely 
juvenile values, ranging from +8 to –1, while 
also recording very similar ages (c. 1100 Ma). 
REE data obtained for this sample (Fig. 7c) 
demonstrate an increasing enrichment in the 
heavier elements. A single analysis recording 
a 100% concordant age of 1044 ± 14 Ma dem-
onstrates a distinct negative Nd anomaly, and 
broadly records the lowest REE concentrations 
of any analysed zircon. All grains record U, 
Yb and Hf values that indicate a continental 
source (Fig. 7d, e). 
DISCUSSION
Nature of deformation in southern 
Zambia
Structures
The fold structures identified in the Kafue 
region and southern Chewore–Rufunsa Ter-
rane indicate the occurrence of a N–S directed 
compression (D1) and a subsequent E–W di-
rected compression (D2). Such structures were 
previously identified throughout the SIB and 
were interpreted to have occurred after the 
late-Mesoproterozoic orogenic events record-
ed within (Alessio et al., 2019). This timing is 
consistent with the structures identified in this 
study, which are observed in sediments with a 
maximum depositional age of c. 1000 Ma and 
suggests that, at least in the SIB, these structures 
overprint earlier structural and metamorphic 
fabrics (D0 and M0; Alessio et al. 2019). D1 is 
identified from the prominent E–W trending 
fold in the Chewore–Rufunsa Terrane, and 
similar structures within the Zambezi suprac-
rustals (Fig. 2). Given the prominence of these 
structures and their orientation, parallel to the 
Congo–Kalahari suture, it is likely that these 
formed as a result of the collision between 
the two cratons between c. 550–520 Ma. As 
such, D1 is likely coeval with the late-Neopro-
terozoic–Cambrian metamorphic overprint 
(M1) recorded in the samples analysed in this 
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study. The N–S trending folds (F2) identified 
in both the Kafue and Chewore–Rufunsa ar-
eas are particularly prominent in the Kafue re-
gion, and the E–W fold (F1) identified in the 
Chewore–Rufunsa Terrane is refolded by these 
structures (Fig. 2). Given that the tighter E–W 
directed structures are either deflected or re-
folded by the N–S directed, predominantly 
more gently folded structures, it is interpreted 
that these features reflect a later deformation 
event (D2). 
Metamorphism 
The observed peak assemblage in Kafue re-
gion sample Z16-06 (Fig. 3) corresponds to 
the muscovite–biotite–ilmenite–plagioclase–
staurolite–quartz–garnet–H2O field in the 
calculated P–T model for this sample, suggest-
ing that the sample experienced conditions 
of 4.1–7.9 kbar and 560–670 °C (Fig. 4). Such 
conditions correspond to thermal gradients 
between ~70–165 °C/kbar. The presence of 
prograde staurolite, garnet and rutile, as well as 
retrograde chlorite, broadly indicate the sam-
ple experienced a clockwise P–T path during 
metamorphism, typical of many collisional en-
vironments (England and Richardson, 1977). 
The observed mineralogical and textural fea-
tures for SIB sample Z16-09 best correspond 
the peak field of chlorite–(paragonite)–mus-
covite–quartz–hematite–H2O, with paragonite 
suggested to act as a proxy for the absence of 
dravite in thermobarometic calculations. This 
field suggests that the sample experienced P–T 
conditions < 15 kbar (at 400 °C) and < 560 °C 
(Fig. 5), reflecting thermal gradients ranging 
from ~30–90 °C/kbar. 
SIB sample Z16-09 was sourced from the 
Chowe River (Fig. 1), in near proximity to 
the whiteschist samples investigated by John 
et al. (2004). These authors suggested that 
these whiteschists, and those of the Lufillian 
Arc, experienced conditions of 9–14 kbar and 
675–775 °C, and that they recorded the initial 
south-dipping subduction of the Congo Craton 
beneath the Kalahari Craton during continen-
tal collision. Subsequent constraints for a yo-
derite-bearing whiteschist from the Chewore 
Inliers of Zimbabwe suggest peak metamor-
phic conditions of ~15–19 kbar and 650–790 
°C (Alessio and Kelsey, 2018). The proxim-
ity of the sample Z16-09 to the Chowe River 
whiteschists, their similar (largely MASHO) 
compositions, and their dominantly hydrous 
assemblages, suggest that the sample likely 
represents largely retrogressed whiteschist. 
The whiteschists (sensu stricto) in this region 
suggest that initial subduction of the Congo 
Craton beneath the Kalahari Craton resulted 
in peak thermal gradients between ~30–90 °C/
kbar, consistent with the retrograde thermal 
gradient calculated for sample Z16-09. Such 
gradients are hotter than typical subduction 
zone metamorphism (Brown, 2007), though 
consistent with continental subduction, which 
is the likely mechanism for whiteschist forma-
tion (Franz et al., 2013; Johnson, 2011). 
The calculated thermal gradient for Zambezi 
Belt sample Z16-06 (Fig. 4) can be seen to over-
lap that calculated for SIB sample Z16-09 (Fig. 
5).  However, it is important to note that these 
P–T conditions relate to peak metamorphism 
for sample Z16-06 and retrograde metamor-
phism for Z16-09. Available geochronological 
data suggests metamorphism in this region oc-
curred as a result of Congo–Kalahari collision, 
at c. 530 Ma (Goscombe et al., 2000; John et 
al., 2004; Johnson et al., 2007a). Similarly, the 
whiteschists throughout Zambia and north-
ern Zimbabwe formed during this collision, 
following earlier eclogite formation during 
convergence towards the Kalahari Continent 
at c. 600 Ma (John et al., 2004). As such, the 
contemporaneous metamorphism and minor 
overlap between thermal gradients suggests 
that these rocks do not record multiple events, 
but instead record paired metamorphic over-
prints relating to different tectonic processes 
occurring within the same orogenic event 
(Brown, 2010; Miyashiro, 1961). In this way, 
the metapelites in the Kafue region may be a 
record of Congo–Kalahari collision, though 
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reflecting deformation of the orogenic hin-
terland instead of the suturing and continen-
tal subduction recorded by the whiteschists. 
It is therefore possible that the whiteschists 
throughout Zambia and Zimbabwe serve to 
mark the suture zone between the Congo and 
Kalahari cratons.  
Age constraints and Mesoproterozoic 
to Phanerozoic evolution of the south-
ern Congo margin
Granodiorite sample Z16-01 yielded a upper 
concordia intercept of 1094 ± 8 Ma (Fig. 6a), 
which is within error of previous constraints 
for this unit provided by Katongo et al. (2004). 
εHf(t) values obtained from this sample are 
negative and range from –3 to –18 (Fig. 7a). 
Therefore, the granodiorite is interpreted to 
have formed from crustal reworking, with 
minimal mantle input. The age of this sample 
indicates that magmatism occurring along this 
part of the southern Congo margin is broadly 
coeval with intrusions in the SIB. Magmatism 
here was suggested to be related to an advanc-
ing microcontinent (on which the SIB would 
have formed) that collided with the southern 
Congo margin at c. 1040 Ma (Johnson et al., 
2007b). However, more recently magmatism 
has been suggested to relate to subduction 
along the southern Congo margin (where the 
SIB would have already been located) at this 
time, which is corroborated by Paleoprotero-
zoic basement and overlying sediment in the 
Irumide and Southern Irumide belts yielding 
equivalent U–Pb ages and εHf(t) values (Ales-
sio et al., 2019; Alessio et al., 2018). The detri-
tal zircon sample obtained from a quartzite in 
the Kafue region yielded a single concordant 
population at c. 1.1 to 1.0 Ga (Fig. 6d, e), with 
εHf(t) values ranging from approximately +8 
to –16 (Fig. 7a). The youngest ≤ 10% discord-
ant grain yielded a 206Pb/238U age of 1001 ± 13 
Ma (2σ uncertainty). These sediments are in-
truded by the Gneiss yielding a protolith age of 
c. 820 Ma (Hanson et al., 1994), which is inter-
preted to constrain the minimum depositional 
age of the sample. Similar to the detrital sam-
ple from this sequence analysed by Johnson et 
al. (2007a), this sample suggests that the mod-
elled metapelite sample (Z16-06) from this se-
quence was deposited during the Neoprotero-
zoic, and thus bears a metamorphic overprint 
relating to Congo–Kalahari collision instead 
of late-Mesoproterozoic orogenesis. The sedi-
ments here broadly record the same ages as 
the matrix of a basal conglomerate from the 
same formation, which has been previously 
interpreted to have sourced its sediments di-
rectly from the underlying basement (Johnson 
et al., 2007a). Another source can be identified 
in the Southern Irumide Belt, which was simi-
larly located on the southern Congo margin at 
this time: A Neoproterozoic cover sequence 
from the Nyimba–Sinda terrane of the SIB 
yields ages similar to that obtained from these 
units and was suggested to be derived from the 
underlying basement or adjacent intrusions 
within the SIB (Alessio et al., 2018). 
Deformation (D1) of the southern Congo mar-
gin occurred around c. 550–530 Ma, as a re-
sult of collision between the Congo and Kala-
hari cratons. This collision is recorded by the 
prominent E–W trending structures (F1) in 
the Southern Irumide and Zambezi belts, in 
addition to the whiteschist and amphibolite 
facies metamorphic overprints generated at 
this time (M1). Subsequent deformation (D2) 
was weaker and resulted in the generation of 
N–S folds (F1) that refolded the E–W trend-
ing F1 folds. The timing of D2 is largely un-
constrained, though restricted to occurring 
during the Phanerozoic. However, it has been 
previously noted that this deformation could 
have occurred during the Permian–Triassic, in 
response to intra-plate stresses associated with 
the Mauritanian–Variscan and Gondwanide 
orogenies (Alessio et al., 2019). 
CONCLUSIONS
The Southern Irumide Belt and Kafue region 
of southern Zambia provide vital records of 
the tectono-metamorphic processes occurring 
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as a result of the collision between the Congo 
and Kalahari cratons during the final stages of 
Gondwana amalgamation. Thermobarometric 
modelling indicates that metapelitic amphi-
bolite facies rocks in the Kafue region reached 
peak conditions of 4.1–7.9 kbar and 560–670 
°C, corresponding to thermal gradients of 70–
165 °C/kbar. A chlorite–quartz schist sample 
obtained from the Chewore–Rufunsa Terrane 
is suggested to be retrogressed whiteschist, 
which was previously shown to record peak 
conditions between 9–19 kbar and 650–790 
°C, corresponding to thermal gradients of 
30–90 °C/kbar. Thermobarometric modelling 
suggests that these sample Z16-09 experienced 
retrograde pressures below 15 kbar (at 400 °C) 
and temperatures below 590 °C, corresponding 
to thermal gradients between 30–90 °C/kbar. 
Both the whiteschists and metapelite are inter-
preted to have occurred as a result of Congo–
Kalahari collision and are likely coeval with 
E–W trending folds seen in both the SIB and 
Zambezi supracrustals. The differences in P–T 
conditions experienced by the amphibolite fa-
cies rocks and the whiteschists are ascribed to 
their location during collision. The amphibo-
lite facies rocks were located proximal to the 
suture zone between the Congo and Kalahari 
cratons, whereas the whiteschists were formed 
within the suture zone itself, where the Congo 
Craton subducted beneath the Kalahari Cra-
ton.
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INTRODUCTION
The southern margin of the Congo Craton oc-
cupied a key position within Gondwana, which 
amalgamated at the end of the Neoproterozoic 
Era. In the later stages of amalgamation, the 
Congo Craton collided with the Kalahari Cra-
ton to form the Damara–Lufilian–Zambezi 
orogen (Collins and Pisarevsky, 2005; Merdith 
et al., 2017). In southern Zambia, this event 
resulted in a pervasive tectono-metamorphic 
fabric not only seen in the Zambezi Belt, but 
also the Southern Irumide Belt (SIB), a Mes-
oproterozoic orogen that occupies areas of 
Zambia, Malawi, Mozambique and Tanzania 
(Alessio and Kelsey, 2018; Goscombe et al., 
2000; John et al., 2004; Johnson et al., 2006). 
Thus, southern Zambia provides two comple-
mentary records that can be used to better un-
derstand the evolution of the southern Congo 
Craton margin. However, while previous work 
has investigated the tectono-metamorphic 
overprints in the region, far less work has been 
undertaken to understand the thermo-tecton-
ic evolution. Thermochronometers such as 
apatite U–Pb, muscovite 40Ar–39Ar and apatite 
fission track (AFT) can be used to constrain 
the post-magmatic thermal history below the 
relevant closure temperature for each thermo-
chronological method. This information can 
be used to provide constraints on the tempera-
ture range and duration of metamorphism, in 
addition to subsequent tectonic activity such as 
sedimentary burial and exhumation/denuda-
tion. In the context of southern Zambia, these 
thermochronometers are applied to provide 
previously unavailable insights on the ther-
mal evolution of a major collisional zone that 
formed part of central Gondwana, and how its 
low-temperature evolution relates to adjacent 
regions in central Africa (e.g. Fernandes et 
al., 2015; Kasanzu, 2017; Kasanzu et al., 2016; 
Mackintosh et al., 2017; Noble, 1997). This 
study provides apatite U–Pb, AFT and mus-
covite 40Ar–39Ar thermochronological data 
for the Southern Irumide and Zambezi belts 
in southern Zambia (Figs. 1, 2). These data are 
ABSTRACT
The Southern Irumide Belt (SIB) of Zambia consists of predominantly Mesoproterozoic terranes 
that record a pervasive tectono-metamorphic overprint from collision between the Congo and 
Kalahari cratons in the final stages of Gondwana amalgamation. This study applies multi-meth-
od thermochronology to samples throughout southern Zambia to constrain the post-collisional, 
Phanerozoic thermo-tectonic evolution of the region. U–Pb apatite and 40Ar/39Ar muscovite data 
are used to constrain the cooling history of the region following Congo–Kalahari collision, and 
reveal ages of c. 550–450 Ma. Variations in the recorded cooling ages are interpreted to relate to 
localised post-tectonic magmatism and the proximity of analysed samples to the Congo–Kala-
hari suture. Apatite fission track data are used to constrain the low-temperature thermo-tectonic 
evolution of the region and identify mean central ages of c. 320–300, 210–200 and 120–110 Ma. 
Thermal modelling of these samples identifies a number of thermal events occurring in the 
region throughout the Phanerozoic. Carboniferous to Permian–Triassic heating is suggested to 
relate to the development of Karoo rift basins found throughout central Africa and constrain 
the timing of sedimentation in the basin. Permian to Jurassic cooling is identified in a number 
of samples, reflecting exhumation as a result of the Mauritanian–Variscan and Gondwanide 
orogenies. Subsequent cooling of the majority of samples occurs from the Cretaceous and per-
sists until present, reflecting exhumation in response to larger scale rifting associated with the 
break-up of Gondwana.  Each model reveals a later phase of enhanced cooling beginning at c. 30 
Ma that, if not an artefact of modelling, corresponds to the development of the East African Rift 
System. The obtained thermochronological data elucidate the previously unconstrained thermal 
evolution of the SIB, and provides a refined regional framework for constraining the tectonic 
history of central Africa throughout the Phanerozoic.
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used to provide constraints on the thermo-tec-
tonic evolution of the southern Congo margin 
following collision with the Kalahari Craton 
during the later stages of Gondwana amalga-
mation c. 550–530 Ma (Johnson et al., 2006; 
Johnson et al., 2007b) and the subsequent ex-
humation history of the region, which is dis-
cussed in relation to Karoo rifting, Gondwana 
break-up, and the development of the East Af-
rican Rift System (EARS).
BACKGROUND
The Congo Craton is a term used to describe 
the amalgamated central African landmass at 
the time of Gondwana assembly (De Waele et 
al., 2008), and contains a series of Archean to 
Palaeoproterozoic cratonic units (Fig. 1). This 
craton forms the nucleus of Gondwana and is 
bordered on all sides by Ediacaran to Cambrian 
orogenies, with its southern margin marked by 
the Damara–Lufilian–Zambezi orogen (Mer-
dith et al., 2017). The Damara–Lufilian–Zam-
bezi orogen developed in response to collision 
between the Congo and Kalahari Cratons in 
the later stages of Gondwana amalgamation at 
c. 550–530 Ma (Johnson et al., 2006; Johnson 
Figure 1. Simplified tectonic map of central Africa adapted from Alessio et al. (2018) following Hanson (2003) 
and Karmakar and Schenk (2016). Figure 2, relating to the study region, is indicated by the black box. The extent 
of the Congo and Kalahari cratons are denoted by the black dashed outlines. Abbreviations: ANG, Angola Block; 
BB, Bangweulu Block; CKB, Choma-Kalomo Block; IB, Irumide Belt; K, Kimezian; KB, Kibaran Belt; KC, Kunene 
Complex; KhB, Kheis Belt; LB, Limpopo Belt; MB, Magondi Belt; MozB, Mozambique Belt; OI, Okwa Inlier; RT, 
Richtersveld Terrane; SIB, Southern Irumide Belt; UbB, Ubendian Belt;  UsB, Usagaran Belt; WCB, West Congo 
Belt; ZB, Zambezi Belt.
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et al., 2007b), and records a pervasive tectono-
metamorphic fabric from this event that is 
similarly recorded within the SIB. 
Geology and tectonometamorphic evo-
lution of southern Zambia
Southern Zambia contains sections of two 
major orogens, the Zambezi and Southern 
Irumide belts (Figs. 1, 2). In Zambia, the SIB 
consists of structurally stacked, late Meso-
proterozoic to Neoproterozoic terranes that 
formed on a Palaeoproterozoic basement, in 
a continental-margin-arc setting (Alessio et 
al., 2019; Johnson et al., 2007b). The SIB likely 
extends past Malawi, into Mozambique and 
southern Tanzania where terranes of simi-
lar age and tectonic setting have been identi-
fied (Fig. 1; Alessio et al., 2018; Bingen et al., 
2009; Hauzenberger et al., 2014; Thomas et al., 
2016). The Zambezi Belt is a continuation of 
the Lufilian Arc and Damara Belt to the west 
(e.g. Hanson et al., 1994; Hutchins and Reeves, 
1980; Johnson et al., 2007a; Kampunzu and 
Cailteux, 1999; Mazac, 1974), which is referred 
to collectively as the Damara–Lufilian–Zam-
bezi orogen. In southern Zambia, the Zam-
bezi Belt largely crops out as a supracrustal se-
quence with Neoproterozoic metasedimentary 
rocks and c. 880 Ma volcanoclastic formations 
intruded by c. 820 Ma granites  (Johnson et 
al., 2007a). This orogen marks the suture zone 
between the Congo Craton and the Kalahari 
Craton, which comprise the landmass of pre-
sent day central and southern Africa, respec-
tively. Their collision resulted in the tectono-
metamorphic fabric that is recorded in both 
the Zambezi and Southern Irumide belts (John 
et al., 2004). Located adjacent to the north of 
the SIB and south of the Zambezi Belt are the 
Luangwa and Cabora-Bassa basins, respec-
tively (Fig. 2). These basins belong to a series 
of ‘Karoo’ basins found throughout central 
Figure 2. Simplified tectonic map of eastern Zambia and adjacent regions adapted from Alessio et al. (2018), follow-
ing Johnson et al. (2006). Ages in the legend refer to the predominant tectonic periods in each geological feature. 
Samples analysed in this study are indicated on the map with their obtained thermochronological ages (in Ma).
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and southern Africa, which formed around 
the late Carboniferous and display a common 
stratigraphic succession (Fig. 3; Catuneanu et 
al., 2005). Sedimentation in these Karoo basins 
occurred from the Carboniferous to Jurassic, 
reaching burial depths ranging from ~4–12 
km (Banks et al., 1995; Catuneanu et al., 2005; 
Oesterlen and Millsteed, 1994).   
The tectonic fabric resulting from Congo–
Kalahari collision has previously been inter-
rogated along the southern margin of the SIB, 
where whiteschists were shown to record peak 
pressure–temperature (P–T) conditions of 
12–14 kbar and 725–775 °C (John et al., 2004), 
consistent with whiteschists located in the 
Zambezi Belt of northern Zimbabwe (Alessio 
and Kelsey, 2018). These high-pressure rocks 
are suggested to record subduction of the 
Congo Craton beneath the Kalahari Craton in 
the early stages of collision, and now mark the 
suture zone between these cratons (John et al., 
2004). Thermobarometric estimates for lithol-
ogies interpreted to be located proximal to this 
suture zone record more Barrovian P–T con-
ditions, with Goscombe et al. (2000) reporting 
peak conditions of ~7–9 kbar and ~590–720 
°C from a series of reworked basement rocks 
of the Zambezi Belt in northern Zimbabwe. 
Previous studies of the thermal evolu-
tion of central Africa
In Zambia, little has been done to constrain 
the high and low temperature thermo-tectonic 
evolution. However, several studies elsewhere 
in central Africa have provided thermochro-
nological constraints. High-temperature ther-
mochronological data for the Zambezi Belt in 
northern Zimbabwe constrains post Congo–
Kalahari collision cooling between c. 500–430 
Ma. This time range is constrained by a range 
Figure 3. Generalised stratigraphic column for the ‘Karoo’ Mid-Zambezi, Cabora-Bassa and Luangwa basins. Ref-
erences: 1, Catuneanu et al. (2005); 2, Nyambe and Utting (1997); 3, Oesterlen and Millsteed (1994); 4, Banks et al. 
(1995).
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of thermochronometers, with ages of 492 ± 40 
Ma from Rb–Sr muscovite, 491 ± 2 Ma from 
40Ar–39Ar hornblende, 464 ± 11 Ma and 451 ± 
20 Ma from K–Ar biotite and Muscovite, re-
spectively (Goscombe et al., 2000). In north-
east Mozambique, U–Pb monazite dating 
yielded similar Cambrian–Ordovician ages to 
those reported from northern Zimbabwe and 
possibly reflect crystallisation from a cooling 
magmatic-hydrothermal system (Hurai et al., 
2017). 
Low temperature thermochronological data 
for Kenya, Tanzania, Mozambique and Zimba-
bwe have identified at least four cooling events 
have occurred in central Africa subsequent to 
Gondwana amalgamation (Boone et al., 2018a; 
Boone et al., 2018b; Fernandes et al., 2015; 
Kasanzu, 2017; Kasanzu et al., 2016; Mack-
intosh et al., 2019; Mackintosh et al., 2017; 
Noble, 1997). In Zimbabwe, Mackintosh et 
al. (2017) identified the initiation of a cooling 
event at c. 500 Ma that terminated with the on-
set of sedimentation (c. 300 Ma) in Karoo rift 
basins found throughout central and southern 
Africa. These authors suggest the cooling to 
reflect denudation caused by stress transmis-
sion from orogenesis occurring during Gond-
wana amalgamation. The second cooling event 
relates to the formation and development of 
these Karoo rift basins during the Permian and 
Triassic. In Tanzania and Zimbabwe, a period 
of cooling is identified from c. 350 to 200 Ma 
(Kasanzu, 2017; Kasanzu et al., 2016; Mackin-
tosh et al., 2019; Noble, 1997), while ages re-
corded in Mozambique suggest rapid cooling 
between c. 240 to 230 Ma (Fernandes et al., 
2015). These cooling ages are argued to reflect 
exhumation caused by intra-plate stresses as-
sociated with the Mauritanian-Variscan and 
Gondwanide orogenies (Kasanzu et al., 2016). 
Thermo-tectonic cooling at c. 120–100 Ma is 
identified in Precambrian basement in Kenya, 
and is attributed to denudation of the base-
ment, which acted as both a basement high 
separating adjacent rifts in the region and a 
source of sediment to these basins (Boone et 
al., 2018b). Similarly, a period of cooling at c. 
100 Ma is identified in Tanzania, thought to be 
related to the opening of the Indian and South 
Atlantic oceans during Gondwana break-up 
(Kasanzu, 2017). Throughout central Africa, a 
final phase of denudation is observed to occur 
between the late Cretaceous and Neogene that 
is suggested to relate to the development of 
the EARS. In Tanzania, Kasanzu et al. (2016) 
identified an exhumation event beginning at 
c. 70 Ma, while in Zimbabwe Mackintosh et 
al. (2017) identified a period of denudation 
between c. 40–25 Ma. These events likely re-
flect uplift and exhumation in response to 
plate boundary reorganisation or plume im-
pact beneath the Tanzanian Craton (Koptev 
et al., 2015; Roberts et al., 2012). Ages relating 
to denudational cooling in response to active 
(EARS) rifting are recorded in Kenya and Mo-
zambique, with constraints of c. 14 and 6 Ma, 
respectively (Boone et al., 2018b; Fernandes et 
al., 2015).  
SAMPLING AND METHODS
Thirteen samples from southern Zambia were 
acquired for thermochronological analysis, 
with sample locations shown in Figure 2. Apa-
tite and/or muscovite from these samples was 
extracted and subjected to three thermochro-
nological techniques. (1) Apatite U–Pb dating 
provides constraints on cooling beneath a clo-
sure temperature of ~350–550 °C (Chew and 
Spikings, 2015), while (2) muscovite 40Ar–39Ar 
times cooling below a closure temperature of 
~355–495 °C (Scibiorski et al., 2015). Finally, 
(3) AFT uses the retention of spontaneous fis-
sion tracks in apatite grains to provide infor-
mation on a sample’s thermal history between 
temperatures of ~120–60 °C. This temperature 
range corresponds to the apatite Partial An-
nealing Zone (APAZ), within which fission 
tracks are partially retained in an apatite grain 
(Wagner and Van Den Haute, 1992). Together, 
our application of multi-method thermochro-
nology can be used to provide detailed con-
straints on the thermal evolution of the study 
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region from > 400 °C to < 100 °C.
Sample acquisition
Eleven samples were obtained from the SIB of 
Zambia, and include both variably deformed 
igneous and metasedimentary rocks. Intru-
sions throughout the SIB are predominantly 
late Mesoproterozoic in age and formed on an 
isotopically evolved, Palaeoproterozoic base-
ment (Alessio et al., 2019). Samples analysed 
in this study have been acquired from both the 
late Mesoproterozoic intrusions and exposures 
of Palaeoproterozoic basement. A number of 
the analysed igneous samples lack direct age 
constraints, and could therefore relate to either 
period of magmatism. However, either period 
is significantly older than the thermal events 
interrogated by the mid- and low-tempera-
ture thermochronometers used in this study. 
A sample of c. 500 Ma post-tectonic granite, 
which is restricted to the Nyimba–Sinda Ter-
rane of the SIB in Zambia, was also analysed. 
Deposition of the metasedimentary samples 
interrogated in this study occurred from the 
Palaeoproterozoic to Mesoproterozoic, with 
the exception of the sample from the Nyimba–
Sinda Terrane that forms part of a rift-related 
cover sequence that was deposited during the 
Neoproterozoic (Alessio et al., 2019; Alessio et 
al., 2018). Two samples were obtained from the 
Kafue region of southern Zambia, and form a 
part of a supracrustal sequence of the Zam-
bezi Belt. One sample was taken from a late 
Mesoproterozoic intrusion, equivalent in age 
to those from the SIB. The other sample was 
obtained from a metasedimentary sequence 
deposited during the Neoproterozoic, similar 
to the sedimentary rocks of the Nyimba–Sinda 
Terrane (Johnson et al., 2007a). A table listing 
each sample, the location it was obtained from, 
and its likely formation age, can be found in 
the supplementary material.
Apatite U–Pb
U–Pb data were obtained from eight apatite 
samples (Table 1) that were extracted using 
standard magnetic and density separation 
techniques. Separated apatite grains were then 
hand-picked, mounted in epoxy resin and pol-
ished to expose the internal section of each 
grain (Glorie et al., 2017b). Apatite grains were 
analysed for U–Pb isotopes using an Agilent 
7900 ICP-MS and NewWave UP213 Laser Ab-
lation System. Ablation was performed in a 
He-atmosphere with a frequency of 5 Hz. A 
spot size of 30 μm was used for all analyses.  A 
total acquisition time of 60 seconds was used 
consisting of 30 seconds of background acqui-
sition followed by 30 seconds of sample abla-
tion. Madagascar apatite (ID-TIMS U–Pb age 
of 473.5 ± 0.7 Ma; Chew et al. (2014)) was used 
as the primary standard, while McClure apatite 
(TIMS U–Pb age of 523.51 ± 1.47 Ma; Schoe-
ne and Bowring (2006)) and Durango apatite 
(40Ar–39Ar age of 31.44 ± 0.18 Ma; McDowell 
et al. (2005)) were used as secondary standards 
for accuracy checks. Data were reduced us-
ing IOLITE (Paton et al., 2011), following the 
methodologies of Chew et al. (2011) and Chew 
et al. (2014). 207Pb corrected overall weighted 
mean 238U/206Pb ages were calculated for each 
sample, and accompany the intercept age de-
fined by the isochron regression for a given 
sample. McClure apatite yielded a weighted 
mean 207Pb corrected 206Pb/238U age of 522.7 ± 
8.4 Ma (MSWD = 0.83) in this study, which 
is within uncertainty of the reference age pro-
vided by Schoene and Bowring (2006).  Du-
rango yielded an age of 29.8 ± 1.6 Ma (MSWD 
= 1.09), consistent with the reference age pro-
vided by (McDowell et al., 2005). 
Apatite fission track (AFT) analysis and 
thermal history modelling
The same samples used for apatite U–Pb anal-
ysis were additionally utilised for AFT analysis 
(Table 2). Apatite grain mounts were etched in 
5 M HNO3 at 20 ± 1 °C for 20 s to reveal the 
spontaneous fission tracks within each grain 
and then imaged with a Zeiss AXIO Imager 
M2m Autoscan System. Fission track densi-
ties and lengths were measured using the Fast-
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Tracks software, with at least 1000 tracks across 
a minimum of 20 grains counted, where pos-
sible. Samples with a paucity of confined fis-
sion tracks were repolished, irradiated using a 
Cf source, and reimaged to increase data yield. 
Given the consistency of the populations, pre-
sented confined track length distributions for 
these samples pool the tracks measured before 
and after irradiation, with the separate distri-
butions for each sample presented in the sup-
plementary material. Fission track ages were 
calculated using direct measurements of U 
(Gillespie et al., 2017; Glorie et al., 2017b; Song 
et al., 2017), which were obtained during U–Pb 
LA-ICP-MS analysis of the samples. Zeta age 
calibration was performed via repeated analy-
sis of Durango apatite standard, using the age 
equations from Vermeesch (2017). Analytical 
data were reduced using IOLITE (Paton et al., 
2011).
AFT central ages were calculated with Radi-
alPlotter (Vermeesch, 2009), which represent 
the apparent AFT age of a given sample. For 
samples with large age dispersion (exceeding 
25%) and those failing the chi-squared proba-
bility test P(χ2), multiple AFT age populations 
may be present, potentially indicating the 
partial preservation of distinct cooling events 
(O'Sullivan and Parrish, 1995). The preserva-
tion of multiple cooling events in a single sam-
ple can be attributed to significant differences 
in apatite chemistry, particularly Cl and U 
concentration. Chlorine is known to influence 
fission track annealing (Green et al., 1986), 
with increasing concentrations serving to slow 
annealing. Similarly, increased U concentra-
tions in apatite have been noted to influence 
fission track annealing (Carpena et al., 1988; 
Glorie et al., 2017a; Hall et al., 2016; Hendriks 
and Redfield, 2005; Jepson et al., 2018). This 
study uses Cl and eU (effective U; eU = U + 
0.235Th) concentrations as a discriminator 
for age populations in radial plots with over-
dispersed single-grain ages, and discusses the 
obtained results accordingly.
The inverse thermal history modelling capa-
bilities of the QTQt software package (version 
5.5.0) were used for thermal history model-
ling, which is based on the Bayesian trans-
dimensional Markov Chain Monte Carlo 
(MCMC) statistical method to derive the most 
likely temperature–time (T–t) path experi-
enced by a given sample (Gallagher, 2012). For 
each sample, the MCMC was run for 250,000 
iterations, after discarding an initial 50,000 
burn-in runs (Gallagher et al., 2009). The AFT 
age, confined track length data, and Dpar val-
ues of each sample were used as input param-
eters for modelling, and can be referred to in 
the supplementary material. The fission track 
annealing model of Ketcham et al. (2007) was 
used during thermal history modelling, with 
no c-axis projection of confined fission tracks. 
Apatite U–Pb ages were used as mid-temper-
ature constraints. Data fit of obtained thermal 
models was assessed by comparing the ATF 
ages and confined track length distributions 
predicted by the model to those observed in 










Z16-17 Felsic Gneiss 15° 32' 17" 29° 41' 09" 40 4.65 0.21 0.11 0.008 0.28 0.01 462 16 461 6
Z16-27 Granodiorite 14° 59' 09" 29° 59' 11" 40 11.87 0.63 0.18 0.013 0.45 0.02 471 25 458 9
Kacholola Terrane
Z16-52 Felsic Gneiss 14° 53' 24" 30° 36' 09" 31 18.56 0.91 0.23 0.016 0.57 0.02 454 40 466 13
Nyimba Sinda Terrane
Z16-33 Granite 14° 18' 06" 31° 32' 09" 17 2.21 0.15 0.08 0.006 0.19 0.01 442 15 439 9
Chipata Terrane
Z16-40 Felsic Gneiss 13° 42' 25" 32° 29' 21" 18 10.36 0.64 0.18 0.013 0.41 0.02 557 70 604 25
Z16-41 Charnockite 13° 40' 23" 32° 32' 57" 30 25.95 2.17 0.29 0.027 0.59 0.04 535 35 559 20
Z16-45 Charnockite 13° 52' 53" 32° 32' 22" 38 40.22 3.26 0.4 0.037 0.71 0.04 483 34 491 18
Zambezi Belt, Kafue region
Z16-01 Granodiorite 15° 54' 03" 28° 11' 59" 23 5.63 0.55 0.13 0.011 0.28 0.02 486 20 485 13
*207 corrected 206Pb/238U weighted mean age
Table 1. Apatite U–Pb data. n is the number of analyses performed on each sample. Each value refers to a mean. A 
table showing the individual analyses can be found in the supplementary material.
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Figure 4. Apatite U–Pb results displayed on Terra–Wasserburg Concordia diagrams. Insets display the weighted 
mean 207Pb corrected 206Pb/238U ages obtained for each sample.
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the sample. A detailed report of modelling 
parameters, constraints, and data fit for each 
sample can be referred to in the supplemen-
tary material. Further information relating to 
the modelling procedure can be found in Gal-
lagher (2012).
Muscovite 40Ar–39Ar
Seven samples of muscovite were used for 
40Ar–39Ar dating (Table 2). Grains separated 
via paper shaking were hand-picked and range 
in size from ~80–250 µm, while also being 
relatively free of inclusions. Sample Z16-36 
was the only exception, which instead ranged 
in size from > 250 μm to ~1 cm and was still 
inclusion-poor. The picked muscovite sam-
ples were sent to the Western Australia Ar-
gon Isotope Facility, Curtin University, where 
they were further picked for the most pristine 
grains that were used for 40Ar–39Ar dating. 
Samples were loaded into wells and bracketed 
by small wells that included Fish Canyon sani-
dine (FCs) used as a neutron monitor yield-
ing an age of 28.294 ± 0.037 Ma (1σ) using the 
decay constants of (Renne et al., 2011). Cor-
rection factors for interfering isotopes were 
(39Ar/37Ar)Ca = 7.30x10-4 (± 11%), (36Ar/37Ar)
Ca = 2.82x10-4 (± 1%) and (40Ar–39Ar)K = 
6.76x10-4 (± 32%). Samples were step heated 
using a 110W Spectron Laser Systems, with a 
continuous Nd–YAG (IR: 1064 nm) laser. Ar 
isotopes were measured in static mode us-
ing a MAP 215-50 mass spectrometer, with a 
Balzers SEV 217 electron multiplier primar-
ily using nine to ten cycles of peak-hopping. 
Ages obtained from 40Ar–39Ar data are pla-
teau ages, defined as including at least 70% of 
the released 39Ar and containing at least three 
consecutive steps that yield the same apparent 
age within a 95% confidence interval with P ≥ 
0.05. The quoted plateau age should agree with 
each apparent age of the plateau steps within a 
2σ confidence interval. 
RESULTS
Apatite U–Pb
Terra-Wasserburg and 207Pb corrected weight-
ed mean 238U/206Pb diagrams are presented in 
Figure 4, with all samples yielding lower con-
cordia intercepts that are within uncertainty of 
the associated 207Pb corrected weighted mean 
238U/206Pb age. All uncertainties are reported 
and shown at the 2σ level. Summarised results 
for each sample used for U–Pb analysis can 
be found in Table 1. Data tables for individual 
unknown and standard grain analyses can be 
located in the supplementary material. 
Chewore–Rufunsa Terrane
Samples Z16-17 and Z16-27 from the 
Chewore–Rufunsa Terrane contain variable 
U concentrations (~6–220 ppm), with aver-
age values of 76 and 29 ppm, respectively. All 
40 obtained analyses from felsic gneiss sample 
Z16-17 fall along a well-defined isochron re-
gression line, yielding a lower concordia inter-
cept of 462 ± 16 Ma (MSWD = 0.44; Fig. 4). 
Similarly, all 40 obtained analyses from grano-
diorite sample Z16-27 display a well-defined 
isochron regression line and yield a lower in-
tercept of 471 ± 25 Ma (MSWD = 1.09; Fig. 4) 
that is consistent with the felsic gneiss. These 
obtained lower intercepts are taken as the most 
reliable estimate of cooling below the closure 
temperature of apatite in these samples. 
Kacholola Terrane
Apatite grains obtained from felsic gneiss sam-
ple Z16-52 yield U concentrations between 
~5–29 ppm. Thirty-one analyses were ob-
tained from this sample, which yield a lower 
concordia intercept of 454 ± 40 Ma (MSWD 
= 0.84; Fig. 4) and 207Pb corrected weighted 
mean 238U/206Pb age of 466 ± 13 Ma (MSWD 
= 0.73; Fig. 4). 
Nyimba–Sinda Terrane
Granite sample Z16-33 yielded apatite grains 
with U concentrations between ~8–88 ppm, 
with an average concentration of 55 ppm. 
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Eighteen analyses were obtained from this 
sample, with 17 defining an isochron regres-
sion that yields a lower concordia intercept of 
442 ± 15 Ma (MSWD 0.35; Fig. 4). 
Chipata Terrane
Apatite grains were extracted from samples of 
felsic gneiss, charnockite, and granite (Z16-
40, Z16-41, and Z16-45, respectively) in the 
Chipata Terrane. U concentrations in these 
samples are the lowest of all obtained samples, 
between ~1–27 ppm (averages of ~5–12 ppm). 
As a result, U–Pb ages obtained from these 
samples are poorly resolved relative to other 
dated samples. Of the 27 grains analysed for 
sample Z16-40, 18 analyses define an isochron 
regression line with a lower concordia inter-
cept of 557 ± 70 Ma (MSWD = 2.3; Fig. 4). 
Thirty-three grains were analysed from char-
nockite sample Z16-41, of which 30 fall along 
a relatively well resolved isochron regression 
line that yields a lower intercept of 535 ± 35 
Ma (MSWD = 1.14; Fig. 4). From 40 analyses 
obtained for granite sample Z16-45, 38 de-
fine an isochron regression trend that yields a 
lower intercept of 483 ± 34 Ma (MSWD = 0.9; 
Fig. 4). For samples Z16-40 and Z16-45, these 
constraints are within uncertainty of the ages 
obtained from samples in the Chewore–Ruf-
unsa and Kacholola terranes. Notably, sample 
Z16-41 records an age that is distinctly higher 
than that recorded by other samples outside of 
the Chipata Terrane of the SIB. 
Kafue region (Zambezi Belt)
Granodiorite sample Z16-01 yielded apatite 
grains with variable U concentrations between 
~3–100 ppm. From 30 analyses, 23 were found 
to define a consistent isochron regression 
trend that yields a lower concordia intercept of 
486 ± 20 Ma (MSWD = 1.9: Fig. 4). This age 
is consistent with constraints obtained for the 
Chewore–Rufunsa, Kacholola, and Chipata 
terranes of the SIB. 
Muscovite 40Ar–39Ar
40Ar–39Ar data were obtained from muscovite 
grains extracted from a variety of lithologies 
located throughout the SIB, which are present-
ed in Figure 5 and Table 2. From the Chewore–
Rufunsa Terrane, muscovite from felsic gneiss 
samples Z16-17 and Z16-18, as well as metape-
lite sample Z16-23 were analysed. Z16-17 and 
Z16-18 yielded weighted average plateau ages 
of 494.6 ± 1.1 Ma (MSWD = 0.72; P-value = 
0.71) and 535.7 ± 1.6 Ma (MSWD = 1.37; P-
value = 0.19), while Z16-23 yielded an age 
of 537.6 ± 2.6 Ma (MSWD = 1.09; P-value = 
0.36). Felsic gneiss sample Z16-52 from the 
Kacholola Terrane yielded a weighted average 
plateau age of 455.4 Ma (MSWD = 0.6; P-value 
= 0.83). Psammite sample Z14-07 from the 
Nyimba–Sinda Terrane yielded a weighted av-
erage plateau age of 469.5 ± 4.3 Ma (MSWD = 
0.95; P-value = 0.5). Muscovite obtained from 
quartzite sample Z16-36, located in the Chipa-
ta Terrane, yields a weighted average plateau 





± 2σ MSWD P
Chewore-Rufunsa Terrane 
Z16-17 Felsic Gneiss 15° 32' 17" 29° 41' 09" 97.8 494.63 1.05 0.72 0.71
Z16-18 Felsic Gneiss 15° 16' 49" 28° 46' 59" 79.3 535.71 1.61 1.37 0.19
Z16-23 Metapelite 15° 07' 38" 29° 32' 25" 91.1 537.58 2.61 1.09 0.36
Kacholola Terrane
Z16-52 Felsic Gneiss 14° 53' 24" 30° 36' 09" 100 455.43 2.41 0.6 0.83
Nyimba Sinda Terrane
Z14-07 Psammite 14° 32' 00" 30° 57' 23" 100 469.46 4.29 0.95 0.5
Chipata Terrane
Z16-36 Quartzite 13° 59' 38" 32° 08' 04" 99.6 475.77 1.52 0.76 0.67
Zambezi Belt, Kafue region
Z16-06 Metapelite 16° 00' 52" 28° 27' 31" 94.8 528.34 3.65 1.46 0.15
Table 2:  Muscovite 40Ar–39Ar data.        
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Figure 5. 40Ar–39Ar muscovite results. Plateau sections are marked by the black lines with the accompanying plateau 
age and 2σ error for the sample.
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age of 475.8 ± 1.5 Ma (MSWD = 0.76; P-value 
= 0.67). Outside of the SIB, a metapelitic schist 
forming part of a supracrustal sequence in the 
Zambezi Belt (Z16-06) yielded a weighted av-
erage plateau age of 528.3 ± 3.7 Ma (MSWD 
1.46; P-value = 0.15).  
Apatite fission track thermochronol-
ogy
AFT results for each sample were plotted using 
RadialPlotter (Vermeesch, 2009) and are pre-
sented on individual radial plots in figures 6 
and 7 that are colour coded against eU and log 
Cl concentration, which were used as chemi-
cal discriminators for individual analyses. As-
sociated confined track length distributions 
are also plotted for each sample. Calculated 
central age uncertainties are quoted at the 2σ 
level. Summarised results for each sample used 
for AFT analysis can be found in Table 1. Data 
tables for individual standard and unknown 
analyses can be referred to in the supplemen-
tary material.
Chewore–Rufunsa
Felsic gneiss sample Z16-17 (n = 34) and gran-
odiorite sample Z16-27 (n = 35) yield central 
ages of 106 ± 10 Ma and 196 ± 20 Ma, respec-
tively. Both samples failed the χ2 test and re-
cord relatively high dispersion, with Z16-17 
recording 27% dispersion and Z16-27 record-
ing 24% dispersion. The radial plots for sample 
Z16-17 (Fig. 6) displays a spread of ages rang-
ing from 207–61 Ma. Grains older than c. 100 
Ma yield relatively lower eU concentrations, 
suggesting that they are possibly more reten-
tive to annealing than the younger grains and 
may preserve an earlier thermal event (Fernie 
et al., 2018; Glorie et al., 2017b; Jepson et al., 
2018). In contrast, no relationship between 
age and Cl concentration can be observed in 
the sample. Sample Z16-27 (Fig. 6) displays a 
range of ages between 322–97 Ma. Like sample 
Z16-17, the older grains in this sample record 
relatively lower eU concentrations, suggesting 
they may record an older part of the thermal 
history. Sample Z16-17 yielded a mean con-
fined fission track length of 11.7 ± 1.6 µm (n 
= 81), while Z16-27 yielded a mean length of 
11.2 ± 1.48 µm (n = 39).
Kacholola
Felsic gneiss sample Z16-52 (n = 29) yielded 
a central age of 116 ± 9 Ma, passing the χ2 test 
(P = 0.36) and recording no significant disper-
sion. The radial plot for this sample (Fig. 6) dis-
plays ages ranging from 152–54 Ma. Uranium 
and Chlorine concentrations in comparison 
to AFT age show no distinct relationship. The 
mean confined track length for this sample is 
11.5 ± 1.3 µm (n = 32).
Nyimba–Sinda
Sample Z16-33 (n = 15) from a post-tectonic 
granite yields a central age of 208 ± 22 Ma, 
failing the χ2 test and recording moderate dis-
Sample Lithology Latitude (S) Longitude (E) Elevation (m) n








Z16-17 Felsic Gneiss 15° 32' 17" 29° 41' 09" 500 34 106 ± 10 81 11.7 1.6
Z16-27 Granodiorite 14° 59' 09" 29° 59' 11" 770 35 196 ± 20 39 11.2 1.5
Kacholola Terrane
Z16-52 Felsic Gneiss 14° 53' 24" 30° 36' 09" 660 29 116 ± 9 32 11.5 1.3
Nyimba Sinda Terrane
Z16-33 Granite 14° 18' 06" 31° 32' 09" 1130 15 208 ± 22 53 11.0 1.4
Chipata Terrane
Z16-40 Felsic Gneiss 13° 42' 25" 32° 29' 21" 980 23 334 ± 32 42 12.1 1.5
Z16-41 Charnockite 13° 40' 23" 32° 32' 57" 1020 23 318 ± 48 20 11.9 1.5
Z16-45 Charnockite 13° 52' 53" 32° 32' 22" 1120 28 446 ± 28 32 10.9 1.7
Zambezi Belt, Kafue region
Z16-01 Granodiorite 15° 54' 03" 28° 11' 59" 1040 26 115 ± 11 24 11.2 1.8
Table 3: Apatite fission track data: n is the number of grains analysed per sample and # of lengths is the number of 
confined track lengths idenfied in each sample. Age is the central age calculated for each sample. A table showing 
the individual analyses can be found in the supplementary material.
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Figure 6. Apatite fission track results for samples Z16-17, Z16-27, Z16-52 and Z16-33, displayed on radial plots 
drawn using Radialplotter (Vermeesch, 2009). Grain analyses are coloured with respect to relative log Cl (left) and 
eU (right) concentrations. 
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Figure 7. Apatite fission track results for samples Z16-40, Z16-41, Z16-45 and Z16-01, displayed on radial plots 
drawn using Radialplotter (Vermeesch, 2009). Grain analyses are coloured with respect to relative log Cl (left) and 
eU (right) concentrations.
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Figure 8. Thermal history models for apatite samples, calculated with the QTQt program. An additional tempera-
ture–time modelling constraints of being at surface prior to Carboniferous sedimentation is shown by the black 
boxes. The red box for each sample shows the temperature–time model space. Light brown paths show the maxi-
mum posterior models, dark brown paths show the maximum likelihood models, black paths show the expected 
models, white lines show the maximum mode models (further information can be found in Gallagher (2012)). 
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persion (15%). The radial plot (Fig. 6) displays 
ages ranging between 268–172 Ma, with no 
discernible relationship between Cl concen-
tration and age. This sample yielded a mean 
confined track length of 11 ± 1.4 µm (n = 53).
Chipata
Felsic gneiss sample Z16-40, charnockite sam-
ple Z16-41, and granite sample Z16-45 yielded 
central ages of 334 ± 32 Ma, 318 ± 46 Ma, and 
446 ± 28 Ma, respectively. Z16-41 passed the χ2 
test and all samples display moderate to little 
dispersion between analyses. The radial plot 
for sample Z16-40 (Fig. 7) displays a range 
of ages from 549–203 Ma with no significant 
correlation between age and log Cl or eU con-
centrations. However, three grains with simi-
lar ages around c. 250 Ma yield the highest eU 
concentrations recorded in the sample. Sample 
Z16-41 (Fig. 7) yields ages between 617–149 
Ma. The oldest analyses present in this sam-
ple (between c. 617–400 Ma) record generally 
lower eU concentrations and may preserve an 
earlier part of the thermal history. Sample Z16-
45 displays ages between 709–207 Ma (Fig. 7). 
No significant relationship between age and 
Cl concentration can be discerned within the 
sample. However, it is noted that the high-
est recorded eU concentrations correspond 
to some of the oldest grains, contrary to the 
other analysed samples where high eU con-
centrations correspond with younger analyses. 
Sample Z16-40 yielded a mean confined track 
length of 12.1 ± 1.5 µm (n = 42), while Z16-41 
yielded a mean confined track length of 11.9 ± 
1.5 µm (n = 20). Z16-45 yielded a mean con-
fined track length of 10.9 ± 1.7 µm (n = 32).
Zambezi Belt (Kafue region) 
Sample Z16-01 is a granodiorite obtained from 
the Kafue region of southern Zambia, within 
the Zambezi Belt. The sample yielded a central 
age of 115 ± 11 Ma, failing the χ2 test and re-
cording high dispersion (43%). The radial plot 
for the sample (Fig. 7) displays ages ranging 
between 238–37 Ma. High log Cl concentra-
tions in this sample correlate with older ages, 
while higher eU concentrations correlate with 
younger ages, suggesting a compositional con-
trol on how the thermal history of this sample 
is recorded. This sample yielded a mean con-
fined track length of 11.2 ± 1.83 µm (n = 24).
Thermal history modelling
Thermal history models were calculated for 
each apatite sample and are presented in Figure 
8. The calculated models are described below 
in terms of their expected models, the weight-
ed means of each model’s posterior distribu-
tion, which represent the most representative 
thermal history.  Additionally displayed on the 
models are the 95% confidence intervals of the 
corresponding expected model, and the prob-
ability distribution (posterior) of the sampled 
thermal histories (Gallagher, 2012). For each 
model, ~400–500 °C constraints were placed at 
the apatite U–Pb age obtained for that particu-
lar sample.  A low-temperature constraint for 
each sample is included at near-surface condi-
tions prior to at least the Carboniferous (0–60 
°C, 400–360 Ma). This is interpreted from the 
unconformity between Precambrian basement 
and the Carboniferous Kondo Pools Forma-
tion recorded in the Cabora-Bassa Basin, in 
addition to a similar unconformity marked by 
the Permian Luwumbu Formation in the Lu-
angwa Basin, which suggest that any Karoo-
related sedimentation in the SIB occurred after 
this time (Fig. 3; Banks et al., 1995; Oesterlen 
and Millsteed, 1994). The calculated thermal 
models yield predicted AFT ages and mean 
track lengths that are generally within 4% of 
the observed values (i.e. predicted/observed = 
0.97), with all but one sample displaying good 
agreement (predicted/observed > 0.9; Wild-
man et al., 2015) between the predicted and 
observed values. It is noted that the thermal 
model for sample Z16-01 yields a predicted 
AFT age within 11.5% of the observed value, 
though the calculated thermal history is near-
identical to that obtained for samples Z16-17 
and Z16-52 and is discussed together with 
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the more reliable models. High time accept-
ance rates were obtained for thermal models 
of samples Z16-40 and Z16-45 (~0.9 and 0.8, 
respectively) that utilised a 0–60°C, 400–360 
Ma constraint. The presented samples were 
recalculated without this constraint, which re-
duced the acceptance rate and improved the 
predicted versus observed data fit for these 
samples. Models calculated with the additional 
constraint can be found in the supplementary 
material, which are noted to display a similar 
thermal history to the presented models.
The thermal models calculated for samples 
obtained from the Chipata Terrane (Z16-40, 
Z16-41, and Z16-45; Fig. 2) display a com-
mon thermal history (Fig. 8).  Following 
initial cooling, samples Z16-40 and Z16-45 
display expected models that suggest they 
experienced little to no reheating through-
out the Phanerozoic. Sample Z16-41 records 
gradual reheating from c. 360–80 Ma, though 
likely remaining below the APAZ throughout 
this time. The thermal models calculated for 
samples located in the other SIB terranes and 
Zambezi Belt (Z16-01, 17, 27, 33 and 52; Fig. 
2) terranes show similar thermal histories that 
can be traced from their apatite U–Pb cooling 
ages to present (Fig. 8). Samples Z16-01, 17 
and 52 record heating from c. 380 Ma until c. 
150 Ma, followed by cooling below the APAZ 
at c. 110–100 Ma. Samples Z16-01 and Z16-
52 record additional reheating from c. 80–30 
Ma that possibly re-entered the APAZ for 
Z16-01. Samples Z16-27 and Z16-33 record 
near identical thermal histories, with reheat-
ing occurring from c. 380 Ma to c. 300–270 
Ma, reaching temperatures above the APAZ. 
Subsequent cooling reaches temperatures of 
~40–50 °C at c. 180–160 Ma, and though the 
samples experience minor reheating from this 
time to c. 60–40 Ma, remain below the APAZ 
until present. The calculated thermal models 
suggest that every sample, with the exception 
of samples Z16-40 and Z16-45, experienced a 
final period of relatively rapid cooling from c. 
30 Ma to present (Fig. 8).
DISCUSSION
Post-collisional thermal evolution of 
the southern Congo Craton
Apatite U–Pb dating provides constraints on 
cooling below temperatures of ~350–550 °C 
(Chew and Spikings, 2015), while muscovite 
40Ar–39Ar dating can constrain cooling below 
temperatures below ~355–495 °C (Scibiorski 
et al., 2015). These cooling ages can be used 
to constrain events of magmatism, metamor-
phism, and deformation in a given sample. 
In the context of this study, these thermo-
chronometers are used to provide rigorous 
constraints on the thermal evolution of the 
southern Congo Craton margin following its 
collision with the Kalahari Craton, the last ma-
jor orogenic event that is interpreted to have 
occurred in this region (Alessio et al., 2019).
The calculated intercept ages obtained from 
apatite U–Pb dating range between c. 560–440 
Ma, while the obtained 40Ar–39Ar ages range 
between c. 540–450 Ma, both consistent with 
estimates available for northern Zimbabwe 
and northeast Mozambique (Goscombe et al., 
2000; Hurai et al., 2017). The samples obtained 
from the Kacholola and Nyimba–Sinda ter-
ranes can be observed to record the youngest 
cooling ages (Fig. 2). However, the Nyimba–
Sinda Terrane is intruded throughout by post-
tectonic granite with a crystallisation age of 
c. 500 Ma (Alessio et al., 2019; Johnson et al., 
2006), which may have reheated these samples 
beyond the closure temperature of medium 
temperature thermochronometers (> 600 
˚C). The distribution of obtained cooling ages 
(Fig. 2) highlights a broad spatial variability 
between older (c. 540–530 Ma) and younger 
(c. 500 Ma) ages in the Chewore–Rufunsa 
Terrane. In the northern Chewore–Rufunsa 
Terrane, samples Z16-18 and Z16-23 record 
40Ar–39Ar ages of c. 540–530 Ma, similar in 
age to sample Z16-06 (c. 530 Ma) from the 
Kafue region and c. 40 Ma older than the age 
obtained from the southern extent of this ter-
rane. A similar trend is observed in the U–Pb 
ages obtained for these samples, though the 
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associated uncertainty makes this relationship 
less resolvable than using the 40Ar–39Ar ages. 
This spatial variation in age is consistent with 
the differences in the style and nature of ther-
mal overprints created during Congo–Kala-
hari collision. The older samples in the Kafue 
region and northern Chewore–Rufunsa Ter-
rane experienced Barrovian thermal gradi-
ent, amphibolite facies metamorphism. The 
younger sample, located along the Congo–
Kalahari suture instead experienced relatively 
high thermal gradient, possibly eclogite facies 
metamorphism (John et al., 2004; Johnson and 
Oliver, 2002). We interpret that the proximity 
of this sample to the site of collision between 
the Congo and Kalahari cratons resulted in it 
recording younger cooling ages than the sam-
ples further away, due to thermal lag prolong-
ing the time this sample resided above the 
closure temperatures of apatite and muscovite. 
Apatite U–Pb ages obtained from the Chipata 
Terrane are generally consistent with the 40Ar–
39Ar ages obtained for the Chewore–Rufunsa 
Terrane, timing cooling at c. 560–480 Ma. 
While equivalent data are not available from 
the SIB in Mozambique, a nearby Neoprotero-
zoic nappe emplaced during Gondwana amal-
gamation (The Monapo Klippe; Macey et al., 
2010) is interpreted to record a ~300 °C hydro-
thermal overprint during the late Cambrian–
Ordovician (Hurai et al., 2017). 
Low temperature thermal evolution of central-
east Africa
The obtained low-temperature thermochro-
nological data provide a wide range of cool-
ing ages, spanning from the Cambrian to 
Cretaceous (~450–100 Ma). While there are 
no comparable low-temperature thermochro-
nological data available from Zambia, the 
obtained ages are consistent with numerous 
studies on the thermal history of neighbour-
ing regions (Boone et al., 2018a; Boone et al., 
2018b; Kasanzu, 2017; Kasanzu et al., 2016; 
Mackintosh et al., 2019; Mackintosh et al., 
2017). The thermal models calculated in this 
study indicate the presence of four major ther-
mal events that are recorded throughout cen-
tral Africa: Congo–Kalahari collision, Karoo 
rifting and sedimentation, Gondwana break-
up, and EARS development. These ages and 
thermal events are discussed in relation to the 
Phanerozoic tectonic history of central Africa, 
with these interpretations used to produce a 
model for the region’s geodynamic evolution 
that is presented in Figure 9.
Congo–Kalahari collision
Sample Z16-45 yielded an AFT central age of 
446 ± 28 Ma, within error of the obtained U–
Pb age of 483 ± 34 Ma for this sample. Given 
the apparent overlap in ages recorded by these 
thermochronometers, cooling in this sample 
occurred rapidly. Notably, this constraint sug-
gests that the SIB, acting as a single tectonic 
unit, exhumed rapidly following Congo–Kala-
hari collision. As such, this sample provides 
a key constraint on the thermo-tectonic evo-
lution of samples from the SIB, and possibly 
wider southern Zambia, prior to the subse-
quent thermal events occurring during the 
Phanerozoic. The thermal history model for 
this sample (Fig. 8) displays an expected mod-
el that suggests minor reheating of the sample 
occurred following Congo–Kalahari collision. 
However, it is noted that the 95% confidence 
intervals for the expected model of this sam-
ple could allow for some reheating throughout 
this time. As such, it is possible that this sam-
ple records cooling following Congo–Kalahari 
collision, and experienced minor thermal dis-
turbance thereafter (Fig. 9). 
Karoo rifting
Samples Z16-40 and Z16-41 yielded AFT cen-
tral ages of 334 ± 32 Ma and 318 ± 46 Ma, re-
spectively. Furthermore, samples Z16-27 and 
Z16-33 yielded younger central ages of 196 
± 20 Ma and 208 ± 22 Ma, respectively. Both 
groups of ages have been obtained by previous 
studies in adjacent regions (Fernandes et al., 
2015; Kasanzu et al., 2016; Mackintosh et al., 
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2019; Mackintosh et al., 2017), and are sug-
gested to relate to the development of Karoo 
rift basins located throughout central Africa. 
Thermal modelling of the samples with Car-
boniferous apparent AFT ages (Z16-40 and 
Z16-41) and the older sample Z16-45 (Fig. 8) 
produced expected models that indicate, after 
cooling from Congo–Kalahari collision, sam-
ples Z16-41 and possibly Z16-45 were gradu-
ally reheated until the Jurassic. Tectonic cool-
ing resumes after this time and persists until 
present. The expected model for Z16-40 sug-
gests that this sample was not reheated fol-
lowing Congo–Kalahari collision. The 95% 
confidence intervals obtained for the expected 
models of these samples allow for the possibil-
ity of very minor to increased heating during 
this time, or conversely, could allow for cool-
ing. Given that the heating predicted by the 
expected models for these samples coincide 
with the onset of Karoo sedimentation, and 
the proximity of these samples to Karoo rift 
basins (Fig. 2), we interpret the expected mod-
els to be representative of the samples thermal 
history. As such, the reheating of samples Z16-
41 and possibly Z16-45 was likely the result of 
burial, caused by the onset of sedimentation 
recorded in the Karoo rift basins throughout 
central and southern Africa (Fig. 9), though 
this reheating may be more or less pronounced 
than that predicted by our thermal models 
(Fig. 8). Thermal history modelling for the 
younger samples (Z16-27 and Z16-33; Fig. 8) 
indicates relatively rapid reheating between 
the Carboniferous and Permian that is similar-
ly consistent with Karoo basin sedimentation. 
Subsequent cooling in these samples lasts until 
c. 180–160 Ma, likely reaching temperatures 
Figure 9. Geodynamic evolution of the study region throughout the Phanerozoic, as interpreted from obtained 
mid- and low-temperature thermochronological data.
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above the APAZ. A period of cooling from c. 
350–220 Ma has been identified in AFT sam-
ples from Tanzania, which is suggested to be 
the result of exhumation caused by intra-plate 
stresses associated with the Mauritanian-Vari-
scan and Gondwanide orogenies (Kasanzu, 
2017; Kasanzu et al., 2016). We suggest that 
these same intra-plate stresses resulted in the 
gradual exhumation of these samples through-
out the Triassic and Jurassic (Fig. 9).
Gondwana break-up
Samples Z16-17 and Z16-52 from the SIB, 
as well as Z16-01 from the Zambezi Belt re-
corded the youngest AFT central ages from 
the analysed samples, ranging from c. 120–110 
Ma. The calculated thermal models for these 
samples indicate a period of cooling that initi-
ates at c. 150–140, persisting to c. 100–80 Ma 
for samples Z16-01 and Z16-52, or to the pre-
sent day for Z16-01. These thermal models are 
consistent with those calculated by Kasanzu 
(2017) for rocks in Tanzania, which indicate 
a cooling throughout this period, which in-
creases in rate from c. 100 Ma. Such a period 
of enhanced cooling is not inconsistent with 
the expected thermal model of sample Z16-17, 
though disagrees with the expected thermal 
models for samples Z16-01 and Z16-52 that 
predict reheating at this time. Kasanzu (2017), 
interprets that the exhumation recorded in this 
region was in response to the opening of the 
Indian and South Atlantic oceans at c. 160–90 
Ma, during Gondwana break-up. The obtained 
AFT central ages for these samples are coeval 
with those obtained from Kenya by Boone et 
al. (2018b), who attributed the cooling ages to 
a basement high, which served to separate rifts 
in the region. Given the position of these sam-
ples within the SIB that separates the Karoo 
aged Luangwa and Cabora–Bassa rift basins, 
it is possible that this region similarly reflects 
a basement high that was previously located 
beneath a single Karoo basin (Fig. 9). This 
interpretation is consistent with stratigraphic 
correlations between the Luangwa and Cab-
ora–Bassa basins (Fig. 3), in addition to the 
thermal models calculated for these samples, 
which indicate burial coeval with sedimenta-
tion in the Karoo basins (Fig. 8). Exhumation 
of this feature is likely a result of intraconti-
nental deformation related to the plate reor-
ganisation occurring during the Jurassic and 
Cretaceous. 
Development of the East African Rift System
Notably, all samples outside of the Chipata 
Terrane display rapid cooling in their thermal 
models from c. 30 Ma to present. This period of 
rapid cooling is consistent with thermal mod-
els obtained by Kasanzu et al. (2016), Mack-
intosh et al. (2017), as well as Mackintosh et 
al. (2019) who identify a phase of denudation 
occurring at c. 40–25 Ma. It is important to 
note that such a cooling signal in the obtained 
thermal models may be a modelling artefact, 
caused by the presence of short (< 10 µm) 
confined fission tracks in the samples (Fig. 6, 
7). However, coeval apatite He dates obtained 
by Mackintosh et al. (2019) for the Zambezi 
Belt of northern Zimbabwe are supportive of 
the existence of this cooling event. Rifting in 
the EARS initiated at c. 30–20 Ma, though 
uplift and cooling throughout this region has 
occurred since c. 50 Ma as a result of plume 
impact beneath the Tanzanian Craton (Koptev 
et al., 2015; Roberts et al., 2012). The syn-
chronous timing of cooling across the region 
suggests that much of central Africa was sub-
jected to uplift and denudation as a result of 
this impact. The continued cooling to present 
day suggests that denudation in these regions 
continued with the onset of rifting, which is 
reflected in the Neogene AFT central ages ob-
tained from Kenya and Mozambique (Boone 
et al., 2018b; Fernandes et al., 2015). 
Regional comparison of low-temperature 
thermochronological data
Figure 10 displays the available AFT central 
age data for central and eastern Africa. While 
there is a broad overlap in the obtained ages 
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for each region, a general spatial control can 
be observed between sample ages and their 
proximity to Permian–Triassic and Palaeo-
gene–Neogene basins found throughout the 
region. The oldest central ages, relating to 
cooling after Gondwana amalgamation are 
clustered together in Tanzania, Burundi, Zam-
bia, and throughout Zimbabwe. The retention 
of relatively old central ages in an area that ex-
perienced multiple subsequent thermal events 
suggests that these regions were exhumed to 
shallow levels rapidly following Gondwana 
Figure 10. Map of available AFT central age data for Zambia (this study), Zimbabwe (Belton, 2006; Mackintosh et 
al., 2017, 2019; Noble, 1997), Mozambique (Fernandes et al., 2015), Malawi (Daszinnies et al., 2008; Van der Beek 
et al., 1998), Tanzania (Kasanzu, 2017; Kasanzu et al., 2016), Kenya (Foster and Gleadow 1992, 1996), Rwanda and 
Burundi (Van den Haute, 1984). Political boundaries are marked by the solid black lines.
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amalgamation, and not subjected to further 
subsidence or burial. This is consistent with 
their positions to basins throughout the re-
gion, generally being located more distal to 
these features than the younger samples. Ka-
roo related (c. 350–200 Ma) ages can be found 
dispersed throughout the mapped region 
(Fig. 10) and likely relates to their proximity 
to the basins found throughout central Afri-
ca. Though notably, the majority of these Ka-
roo aged samples are more closely associated 
with the flanks of Palaeogene–Neogene basins 
found throughout the region. In the southern 
region of the mapped area, a number of these 
Karoo related ages can also be observed to be 
proximal to Karoo-related volcanics. However, 
the relationship between these volcanics and 
the AFT ages recorded by samples is unclear, 
as several older (> 300 Ma) samples are located 
proximal to these features in Zimbabwe. Sam-
ples with late-Jurassic to Cretaceous central 
AFT ages, likely relating to Gondwana rifting, 
are observed in Zambia, Rwanda and Burundi. 
In southern Zambia and northern Zimbabwe, 
these ages are found both within and between 
the Karoo aged Luangwa and Cabora–Bassa 
Basins. The positioning of these similar ages 
supports the interpretation of the SIB in this 
area acting a basement high that was previous-
ly buried by Karoo sediments, suggesting that 
these two basins were previously connected. 
These central ages are generally in close asso-
ciation with the youngest available data, which 
instead relate to the development of the EARS, 
either in relation to plume impact or subse-
quent rifting. 
CONCLUSIONS
A suite of thermochronological data were 
collected for samples throughout the South-
ern Irumide Belt of Zambia, which have been 
used to constrain the thermal evolution of 
the belt from the late-Neoproterozoic to the 
present day. Obtained 40Ar–39Ar muscovite 
and U–Pb apatite data constrain cooling from 
high-temperatures generated during Congo–
Kalahari collision, and indicate that rocks in 
the Chewore–Rufunsa and Chipata terranes 
cooled to temperatures of ~350–500 °C be-
tween c. 550–480 Ma. Younger U–Pb apatite 
and 40Ar–39Ar muscovite ages of c. 470–450 
Ma were obtained from samples in the Kacho-
lola and Nyimba–Sinda terranes, which may 
relate to the intrusion of post-tectonic granite 
throughout the Nyimba–Sinda terrane that 
either prolonged cooling or reset the thermo-
chronometers in these samples. The collected 
AFT data provides constraints on the low-
temperature thermal evolution of the region, 
and identifies a number of thermal events oc-
curring after Congo–Kalahari collision that 
are consistent with data obtained throughout 
central Africa. Obtained central ages of c. 330–
200 Ma time the evolution of Karoo rifting in 
southern Zambia, with accompanying thermal 
models that serve to elucidate the timing of 
sedimentation within the basin. A number of 
samples yielded AFT central ages between c. 
120–110 Ma. Thermal modelling of these sam-
ples identifies a period of cooling beginning 
at c. 150 Ma and persisting to the present day, 
which serves to constrain subsequent denuda-
tion in response to the opening of the Indian 
and South Atlantic oceans during Gondwana 
break-up. Thermal modelling also reveals a 
later stage (c. 30 Ma to present) of cooling, 
consistent with the development of the EARS. 
The results of this study serve to elucidate the 
previously unknown thermal evolution of 
a collisional zone at the heart of Gondwana 
amalgamation, and provides a greater regional 
framework for understanding the thermo-tec-
tonic evolution of central Africa throughout 
the Phanerozoic. 
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The purpose of the studies that form this thesis 
were to better constrain the tectonic evolution 
of the SIB as a proxy for the wider southern 
Congo margin. By better understanding and 
constraining the palaeogeographic develop-
ment of this region, it is possible to produce 
more rigorous plate tectonic models that can 
be used to understand the relationship be-
tween the evolving continents and various 
components of the wider Earth System. To 
effectively constrain the evolution of the SIB, 
and thus wider Congo Craton, the studies in 
this thesis revolved around three main foci: 
to determine the extent and evolution of the 
southern Congo margin during the late-Mes-
oproterozoic, to constrain the Neoproterozoic 
evolution of this margin and Congo–Kalahari 
collision, and to constrain the Phanerozoic 
thermo-tectonic evolution of the region. Be-
low, the findings of the studies included in this 
thesis are discussed in the context of these foci, 
summarising how each of them contributed to 
our understanding of each research area and 
their implications in relation to previous stud-
ies of the region.
PALAEOPROTEROZOIC TO LATE-MESO-
PROTEROZOIC EVOLUTION
Johnson et al. (2005) introduced the term 
‘Southern Irumide Belt’ as a way of distin-
guishing the rocks that comprise it from those 
in the Irumide Belt (sensu stricto). The SIB is 
considered to be distinct due to the variety of 
deformed sedimentary, igneous and volcanic 
units contained within (Johnson et al., 2006; 
Johnson et al., 2007), as opposed to the monot-
onous granitoids and metasedimentary Muva 
Supergroup that largely form the Irumide Belt 
(Daly, 1986; De Waele and Mapani, 2002). 
These lithological features, and the presence of 
the Mwembeshi Shear Zone that runs between 
these belts (Sarafian et al., 2018), led Johnson 
et al. (2006) to suggest that no genetic relation-
ship existed between the Irumide and South-
ern Irumide belts and that the Mwembeshi 
Shear Zone represents a key suture along the 
southern Congo margin. Johnson et al. (2007) 
obtained Lu–Hf and Sm–Nd data for magmat-
ic rocks and zircon grains from the Chewore–
Rufunsa Terrane of the SIB, these authors iden-
tified that the late-Mesoproterozoic rocks that 
form much of the exposed SIB is isotopically 
evolved (εNd(t) values between –1.8 to –13.5). 
These rocks were suggested to have formed on 
a juvenile Palaeoproterozoic basement, as op-
posed to the evolved Archaean to Palaeoprote-
rozoic basement observed in the Irumide Belt, 
though it should be noted that both positive 
and negative εHf(t) values (+2.9 to –3.7) were 
obtained for the basement derived zircons 
analysed in that study. With these data, the 
lithological differences, and presence of the 
Mwembeshi Shear Zone between the Irumide 
and Southern Irumide belts, Johnson et al. 
(2007) suggested a tectonic model whereby the 
SIB did not develop on the Congo Craton, but 
instead developed in a continental-margin-
arc setting on a microcontinent that collided 
with the southern Congo margin at c. 1040 
Ma. This collision is interpreted to have ceased 
magmatism in the SIB, and initiated compres-
sion and melting within the Irumide Belt. Bin-
gen et al. (2009) suggested an alternate model 
for the evolution of the SIB where it instead 
formed on the southern Congo margin, which 
acted as a long-lived active margin. Any differ-
ences in the timing of magmatism in the Iru-
mide and Southern Irumide belts is suggested 
by this model to relate to an event of foreland 
propagation, where a shallowing subducting 
slab resulted in the migration of the magmatic 
front inland and beneath the Irumide Belt. 
To better constrain the development of the 
southern Congo margin during the late-Mes-
oproterozoic and test the competing tectonic 
models for SIB evolution, this project included 
two studies that largely looked at basement 
rock and sedimentary sequences in the SIB. 
By better constraining the Palaeoproterozoic 
basement of the SIB, and the sediments that 
overlie it, these studies developed an improved 
framework of understanding that was used to 
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better interpret the late-Mesoproterozoic evo-
lution of the SIB.  Chapter 2 used U–Pb and Lu–
Hf isotopic data to investigate the provenance 
of sedimentary rocks from the Chewore–Ruf-
unsa, Kacholola and Nyimba–Sinda terranes, 
while Chapter 3 provided similar data for a 
sedimentary rock from the Chipata Terrane. 
The Nyimba–Sinda Terrane (being largely Ne-
oproterozoic in age) contains predominantly 
Neoproterozoic sedimentary rocks that are ex-
plained further below. The remaining terranes 
were found to contain sediments that recorded 
Archaean to Palaeoproterozoic age distribu-
tions and largely evolved εHf(t) values, which 
were identical to the ages and εHf(t) values re-
corded by detrital zircons from the Muva Su-
pergroup within the Irumide Belt. Chapter 3 
primarily used U–Pb and Lu–Hf isotopic data 
to investigate the age and origin of basement 
lithologies identified in the Chewore–Ruf-
unsa and Chipata terranes. This study found 
that basement exposed in these terrane was 
Palaeoproterozoic and isotopically evolved, 
similar to Palaeoproterozoic basement in the 
Irumide Belt (Fig. 1). Furthermore the consist-
ency of basement lithologies in these terranes 
may reflect a common basement for not only 
Chewore–Rufunsa and Chipata terranes, but 
also the Kacholola and Nyimba–Sinda terranes 
that are located between them. This study also 
identified the occurrence of c. 1040 Ma mag-
matism in the Chipata Terrane, and conversely 
highlighted the occurrence of c. 1100–1040 
Ma magmatism in the Irumide Belt.
The findings of this project show that basement 
rock in the SIB is equivalent to that found in 
the Irumide Belt, and also show that the over-
lying sediments in either belt were derived 
from the same sources. This suggests that the 
isotopically evolved, late-Mesoproterozoic in-
trusions in the Irumide and Southern Irumide 
belts formed at a broadly similar time (though 
a general distinction does remain), on  evolved 
Archaean to Palaeoproterozoic basement, and 
similarly intrude sedimentary sequences of 
the Palaeoproterozoic Muva Supergroup. Not-
withstanding the common basement rocks, 
the fact that these regions sourced sediments 
recording a depositional age between c. 1500 
to 1100 Ma strongly suggests that the SIB was 
part of the southern Congo margin prior to the 
late-Mesoproterozoic. Any interpretation to 
the contrary must account for the transport of 
such sediment to the microcontinent that SIB 
would have formed on, which (assuming the 
same sources as the Muva Supergroup) would 
need to be transported across an open ocean 
and variably active subduction zone. As such, 
the findings of this project strongly support a 
tectonic model of the SIB forming along the 
southern Congo margin, with obtained zircon 
U–Pb data suggesting it has resided along this 
margin since at least the Palaeoproterozoic (c. 
2000 Ma).
NEOPROTEROZOIC EVOLUTION AND 
CONGO–KALAHARI COLLISION
The terranes of the SIB are largely comprised 
of late-Mesoproterozoic lithologies. However, 
Johnson et al. (2006) observed that, unlike 
the other Zambian terranes of the SIB, the 
Nyimba–Sinda Terrane was predominant-
ly comprised of deformed Neoproterozoic 
gneiss, carbonates and calc-silicates that were 
intruded by Cambrian post-tectonic granite. 
As such, this terrane preserves a vital record 
for understanding the Neoproterozoic evolu-
tion of the region that, until now, had yet to be 
interrogated. While the Neoproterozoic evo-
lution of the belt has been largely enigmatic, 
it records a pervasive tectono-metamorphic 
overprint relating to Congo–Kalahari collision 
at c. 550–530 Ma, which is similarly recorded 
outside of the SIB and has been the subject of 
studies investigating the P–T evolution of the 
region. In the Zambezi Belt, Goscombe et al. 
(2000), obtained conditions of ~7–9 kbar and 
590–720 °C for metapelites formed during this 
collision. In the Lufilian Arc and Zambezi Belt, 
constraints obtained for whiteschists that were 
formed in this collision range from 12–21 kbar 
and 590–775 °C (John et al., 2004; Johnson 
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Figure 1. Map of available age and isotopic data for the Irumide and Southern Irumide belts of Zambia (Johnson, 
De Waele and Liyungu, 2006; Johnson et al., 2007; De Waele et al., 2009), Malawi (Ring, Kröner and Toulkeridis, 
1997; Kröner et al., 2001; Manda et al., 2018), northern Mozambique (Bingen et al., 2009) and southern Tanzania 
(Hauzenberger et al., 2014; Thomas et al., 2016). Tectonic units in this region are shaded in colour following the 
legend in Figure 1. Political boundaries are marked by the solid black lines. a) Available U–Pb crystallisation ages 
for the Irumide and Southern Irumide Belts. b) Available εHf(t) and εNd(t) values for the Mesoproterozoic and 
older magmatic units Irumide and Southern Irumide belts. Symbol sizes relate to the age of the sample, where the 
larger symbols are record older crystallisation ages.
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and Oliver, 1998). The available constraints 
highlight a significant discrepancy in thermal 
gradients recorded contemporaneously in the 
whiteschists and metapelites. John et al. (2004) 
suggest that the whiteschist metamorphism 
records subduction of the Congo Craton be-
neath the Kalahari Craton during their colli-
sion, though the relationship of these rocks to 
the lower grade rocks found throughout the 
region had not yet been interrogated.
Chapter 2 investigated the provenance of 
sediments within the Nyimba–Sinda Ter-
rane, with a sample of detrital zircons yield-
ing a prominent late-Mesoproterozoic and 
minor Archaean to Palaeoproterozoic U–Pb 
age populations. Depositional constraints for 
the Nyimba–Sinda sample suggest that it was 
deposited between c. 900–740 Ma, and likely 
forms a rift-related cover sequence that over-
lies the Palaeoproterozoic to Mesoprotero-
zoic units seen elsewhere in the SIB. To bet-
ter understand the relationship between the 
high-pressure whiteschists, and lower pressure 
metapelites within the Southern Irumide and 
Zambezi belts, it was necessary to first create 
an activity–composition model for the mineral 
yoderite (for use with THERMOCALC), which 
has been observed in whiteschists from Zim-
babwe (Zambezi Belt) and Tanzania (Mautia 
Hill). The study in Chapter 4 constructed and 
validated a model for yoderite that was used to 
improve P–T constraints of whiteschist meta-
morphism in the Zambezi Belt. Most impor-
tantly, the provision of this model allows for 
more rigorous constraints of all whiteschists. 
Yoderite was shown in Chapter 4 to be highly 
stable within the MgO–Al2O3–SiO2–H2O–
Fe2O3 chemical system that all whiteschists 
are largely restricted to, with its absence in 
these rocks largely related to compositional 
and possibly geodynamic controls. By being 
able to constrain stability fields of yoderite sta-
bility within samples that do not contain the 
mineral, it reduces the calculated P–T stabil-
ity range of fields that do reflect the evolution 
of the sample. This was demonstrated by the 
models for retrogressed whiteschist that were 
calculated in Chapter 5, where the P–T stabil-
ity of fields corresponding to the equilibrium 
assemblages recorded in these samples were 
likely reduced by the presence of stable yoder-
ite fields in the models. The models calculated 
for these samples showed that whiteschist ex-
posed in the Chewore–Rufunsa Terrane of the 
SIB experienced retrograde conditions that 
were equivalent to the peak metamorphic con-
ditions recorded in amphibolite facies metape-
lites elsewhere in the Southern Irumide and 
Zamebzi belts.   
When investigating the Neoproterozoic evolu-
tion of the SIB, this project identified that the 
Nyimba–Sinda Terrane, unique to the other 
Zambian terranes of the belt, hosted a cover 
sequence that was likely deposited during 
the Neoproterozoic. It is interpreted that this 
cover sequence represents a superimposed 
rift-basin, which is based on occurrence of c. 
750–730 Ma rift-related volcanic units that are 
similarly restricted to the Nyimba–Sinda Ter-
rane. Such interpretations corroborate existing 
palaeogeographic models that suggest rifting 
along the southern Congo margin at c. 750 
Ma, as an extension of the spreading system 
that served to separate Australia from Lauren-
tia during Rodina break-up. Upon investigat-
ing the Neoproterozoic to Cambrian collision 
between the Congo and Kalahari cratons, this 
project provided P–T information for retro-
gressed whiteschist and showed that it experi-
enced similar conditions to metapelites in the 
Zambezi Belt (and likely the SIB). Our study 
into the different metamorphic assemblages 
recorded in this region agrees with the inter-
pretation of John et al. (2004), that the white-
schists were formed as a result of the Congo 
Craton subducting beneath the Kalahari Cra-
ton during collision. Contrasting this with the 
amphibolite to granulite facies rocks within 
the Southern Irumide and Zambezi belts, we 
suggest that the whiteschists mark the suture 
zone between the Congo and Kalahari cratons, 
while the lower-pressure rocks were formed 
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proximal to the site of collision. As such, the 
different overprints recorded in this region 




The SIB, and Zambia as a whole, has had no sig-
nificant work done to understand its thermal 
evolution via the use of low- and mid-temper-
ature thermochronometers such as apatite and 
muscovite. However, studies in neighbouring 
regions (such as Zimbabwe, Mozambique, and 
Tanzania) have shown that, following the Neo-
proterozoic collision of the Congo and Kala-
hari cratons, central Africa has experienced 
multiple thermal events relating to Permian–
Triassic ‘Karoo’ rifting, Gondwana break-up, 
and the development of the East African Rift 
System (Fernandes et al., 2015; Kasanzu, 2017; 
Mackintosh et al., 2017). As such, constraining 
the thermal evolution of the SIB can further 
improve our understanding of the Phanero-
zoic tectonic history of central Africa.
The final study in this project (Chapter 6) 
used apatite fission track (AFT), U–Pb, and 
40Ar/39Ar muscovite dating to interrogate the 
thermal evolution of the SIB, identifying the 
occurrence of multiple thermal events in the 
region. The utilisation of mid-temperature 
thermochronometers (U–Pb apatite, 40Ar/39Ar 
muscovite) showed that after Congo–Kalahari 
collision, the SIB underwent cooling between 
c. 550–450 Ma. Some spatially controlled vari-
ation was observed in these cooling ages that 
span over 100 m.y., and were attributed to 
both the presence of post-tectonic magmatism 
in the Nyimba–Sinda Terrane (investigated in 
Chapter 3) and the proximity of the analysed 
samples to the Congo–Kalahari suture. The 
latter variation likely relating to the differ-
ent overprints recorded in the SIB that were 
investigated in Chapter 5. Low-temperature 
(AFT) thermochronology identified the oc-
currence of at least three thermal events dur-
ing the Phanerozoic, occurring in the Car-
boniferous to Triassic, Permian to Jurassic, 
and Cretaceous to present. Such periods of 
thermal activity were shown to be consistent 
with adjacent regions likewise relating to Ka-
roo rift-basin sedimentation, the Mauritani-
an–Variscan and Gondwanide orogenies and 
Gondwana break-up. A final period of cooling 
was identified to occur from c. 30 Ma, though 
it is uncertain whether this was an artefact of 
temperature–time modelling. If this cooling 
is real, it would be consistent with findings 
elsewhere, and would likely correspond to the 
development of the East African Rift System 
(Kasanzu, 2017; Mackintosh et al., 2018). 
Our study into the thermal evolution of the 
SIB was largely consistent with the findings of 
previous studies in adjacent regions, suggest-
ing that the much of central-east Africa expe-
rienced a common thermo-tectonic history 
during the Phanerozoic. However, beyond pro-
viding constraints from a hitherto unstudied 
part of this region, our study further contrib-
uted to understanding the Phanerozoic ther-
mal evolution of central Africa in two ways: 
The first was by obtaining mid-temperature 
thermochronological data, which has been 
a largely underutilised technique in previous 
studies of adjacent regions. These data provide 
some of the first robust constrains on the cool-
ing history this region following Congo–Kala-
hari collision, which reflects the formation of 
Gondwana and the modern African Plate. The 
second contribution was to place the data ob-
tained in the study, and those obtained by oth-
ers, into a regional context that could be better 
used for understanding the region’s evolution 
as a cohesive unit, as opposed to individual 
study areas. The final figure in Chapter 6, a map 
displaying a regional comparison of available 
low-temperature thermochronological data, is 
a testament to this. An example of the utility of 
such a comparison is that it allowed for iden-
tification of late-Jurassic to Cretaceous AFT 
central ages in late-Mesoproterozoic rocks of 
the SIB, which were identical in age to those 
in the Phanerozoic sediments of the Karoo 
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aged Cabora–Bassa Basin located on the belt’s 
southern flank. This identification provided a 
basis for the interpretation that the SIB formed 
a basement high that was previously buried by 
Karoo sediments, suggesting that the Cabora–
Bassa Basin was previously connected to the 
Karoo aged Luangwa Basin that is located on 
the northern flank of the SIB. Given that Karoo 
rift-basins are widespread throughout central 
Africa, this project contributes a foundation 
for further work attempting to both under-
stand the region’s thermal evolution and iden-
tify further connections between these basins. 
RESEARCH LIMITATIONS AND DIREC-
TIONS FOR FUTURE RESEARCH
The following points outline a number of the 
challenges and limitations encountered during 
the course of this project, as well as suggested 
directions to both remedy these challenges and 
produce more robust models for the evolution 
of the SIB and wider Congo Craton:
1) As this study was constricted to the Zam-
bian terranes of the SIB, any further studies of 
the belt’s evolution would be well suited to in-
vestigating the origin and evolution of terranes 
in Malawi, Mozambique and Tanzania. Better 
constraints for the evolution of these terranes 
and their relationship to those that were the 
focus of this study, in Zambia, will undoubt-
edly result in more robust and cohesive mod-
els for the tectonic evolution of this region.
2) Sampling such a wide area of southern Zam-
bia naturally resulted in sparse sample density. 
Further sampling in the Kacholola and Nyim-
ba–Sinda terranes would help to identify the 
presence of any basement exposures, which 
could be used to test the hypothesis that the 
Zambian terranes of the SIB are floored a com-
mon, isotopically evolved, Palaeoproterozoic 
basement. Throughout the Chewore–Rufunsa, 
Kacholola, and Chipata terranes, further sam-
pling of sedimentary lithologies may help to 
identify the occurrence of any Neoproterozoic 
sedimentation within these terranes, further 
supporting the interpretation of rifting along 
the southern Congo margin during the Neo-
proterozoic. 
3) The activity–composition model created 
for yoderite was constructed for use within 
the MgO–Al2O3–SiO2–H2O–Fe2O3 chemi-
cal system. While Chapter 5 showed that it 
can be used with more complex chemical sys-
tems, calculations with this model will effec-
tually be insensitive to other elements present 
within the modelled system. As such, further 
work to refine and expand this model for use 
with more complex chemical systems (such as 
FeO–MgO–Al2O3–SiO2–H2O–Fe2O3), would 
result in more rigorous P–T constraints for 
any modelled whiteschist. 
4) While the pervasive Neoproterozoic tec-
tono-metamorphic overprint throughout the 
SIB impedes such an effort, attempting to bet-
ter understand the nature of late-Mesoprote-
rozoic (and possibly older) deformation (D0) 
within the belt would improve our under-
standing of its evolution. One such method 
may be through a detailed investigation of 
the terrane bounding shear zones observed 
in the SIB of Zambia. The structural investi-
gations in this project lead to the interpreta-
tion that these shear zones are relatively minor 
in the context of the regions tectonic evolu-
tion, and imply that these ‘terranes’ might be 
more accurately referred to as ‘terrains’. How-
ever, without further study of these features, 
their significance largely remains the subject 
of speculation. Similarly, further investiga-
tion of the metamorphic overprints recorded 
in the SIB would assist in understanding the 
relationships both between terranes and with 
adjacent belts. Previous work has shown that 
Mesoproterozoic metamorphic overprints are 
preserved in parts of the belt, which could be 
used to better constrain the evolution of the 
different terrains and relationship to the Iru-
mide Belt and wider Congo Craton. Similarly, 
Chapter 7 Discussion and conclusions
-170-
further investigation of the Neoproterozoic 
metamorphic overprints in the belt could help 
to better understand the Gondwana forming 
collision between the Congo and Kalahari cra-
tons.
CONCLUSIONS
The overarching goal of this project, and the 
studies that comprise it, was to constrain ap-
proximately two billion years of the southern 
Congo Craton’s tectonic evolution, spanning 
from the Palaeoproterozoic to present. To do 
this, the studies that formed this thesis inves-
tigated the tectonic evolution of the Southern 
Irumide Belt, which since at least the late-Mes-
oproterozoic onwards, formed a part of this 
margin and is therefore a useful proxy for the 
southern Congo Craton’s evolution. Systemati-
cally, this project investigated the formation of 
the SIB and its evolution from the Palaeopro-
terozoic to present, developing a comprehen-
sive framework of understanding for the belt 
throughout this time. 
By studying the age and isotopic nature of 
basement units in the SIB, it was interpreted 
that the belt likely formed along the southern 
Congo margin during the Palaeoproterozoic, 
and remained in this position until present. 
This was corroborated by the presence of iden-
tical sedimentary sequences in the SIB and 
Irumide Belt (sensu stricto), suggesting that 
both belts derived the same sediments dur-
ing the Mesoproterozoic and therefore were 
unlikely to be separated by an ocean and vari-
ably active subduction zones. Such interpreta-
tions support models of the Southern Irumide 
Belt acting as a continental-margin-arc on the 
Congo Craton during the late-Mesoproterozo-
ic, instead of colliding with this craton as part 
of a microcontinent at this time. The identi-
fication of Neoproterozoic sedimentary rock 
in the Nyimba–Sinda Terrane were suggested 
to represent a rift-related cover sequence that 
was deposited between c. 900 and 730 Ma, 
likely at the lower end of this range due to the 
presence of c. 750–730 Ma rift volcanics in this 
terrane. This interpretation corroborates plate 
tectonic models that suggest that the south-
ern Congo margin experienced rifting at this 
time as an extension of the spreading system 
that served to separate Australia from Lau-
rentia during Rodina break-up. Investigating 
the tectono-metamorphic overprint recorded 
in the SIB from Congo–Kalahari collision in 
the late stages of Gondwana amalgamation, 
this project identified that prominent, broadly 
east–west trending fold structures in the re-
gion were likely generated during this event. 
Thermobarometric models were calculated for 
a lower-pressure metapelite and retrogressed 
parts of the higher-pressure whiteschists in 
the region, with the latter utilising an activity–
composition model for yoderite that was cre-
ated during this project to provide more robust 
P–T constraints for whiteschists. These models 
demonstrated that while the various mineral 
assemblages in this region were generated at 
the same time, during the same event, they re-
cord vastly different P–T conditions. The P–T 
models show that the peak conditions recorded 
by amphibolite facies rock in the Zambezi Belt 
are broadly equivalent to the retrograde con-
ditions experience by whiteschists. As such, 
the whiteschists in this region are suggested to 
have formed from the Congo Craton subduct-
ing beneath the Kalahari Craton during colli-
sion, marking the suture zone between them, 
whereas the lower grade rocks in this region 
likely formed proximal to the zone of collision. 
The thermal evolution of the region following 
this collision was interrogated through the use 
of mid- and low-temperature thermochro-
nometers, which constrain its thermo-tectonic 
evolution throughout the Phanerozoic. Mid-
temperature thermochronology constrains 
cooling from Congo–Kalahari collision in 
the SIB to between c. 550 to 450 Ma, varying 
based on the presence of post-tectonic granite 
intrusions and proximity to the Congo–Kala-
hari suture, where cooling likely occurred at 
the slowest rate. Low-temperature thermo-
chronology suggests the occurrence of at least 
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three thermal events during the Phanerozoic. 
Carboniferous to Triassic heating is suggested 
to relate to ‘Karoo’ rift-basin sedimentation, 
while Permian to Jurassic cooling is suggested 
to reflect exhumation of the region in response 
to the Mauritanian–Variscan and Gondwanide 
orogenies. Late-Cretaceous to present cooling 
is also observed in the majority of dated sam-
ples from the SIB, and likely reflects exhuma-
tion in response to Gondwana break-up. Ad-
ditionally, a final phase of increased cooling is 
was identified from c. 30 Ma to present, and 
if not an artefact of modelling, would corre-
spond to the development of the East African 
Rift System. 
The above section summarises the findings of 
this project, and provides an interpretation for 
the formation and evolution of the SIB over 
two billion years of Earth’s history. As a proxy 
for the tectonic evolution of the southern Con-
go margin, and by extension the wider Congo 
Craton, this project provides a framework of 
understanding for this region that can con-
tribute to more robust and accurate Palaeo-
geographic reconstructions. Accordingly, this 
contribution is a small but fundamental step 
in understanding the interplay between the 
evolving continents and wider Earth System. 
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Supplementary material for: Neoproterozoic tectonic geography of the south-east 
Congo Craton in Zambia as deduced from the age and composition of detrital zir-
cons.
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Supplementary material for: Age, origin and palaeogeography of the Southern 
Irumide Belt, Zambia. 
Appendix 2 Supplement: Age, origin and palaeogeography of the Southern Irumide Belt, Zambia
-212-
Figure S1. Representative cathodoluminescence images for zircon samples analysed in this study.
Appendix 2 Supplement: Age, origin and palaeogeography of the Southern Irumide Belt, Zambia
-213-
Figure S2. Zircon trace and rare earth element distributions for samples analysed in this study. 
Appendix 2 Supplement: Age, origin and palaeogeography of the Southern Irumide Belt, Zambia
-214-
Figure S3. Whole-rock trace element geochemistry patters for Nyimba-Sinda granite samples. 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Hfi εHf 2σ error T(DM) T(DM) - Crustal
Z16_26_5 0.28136 7E-05 0.00242 0.0312 2090 0.281264 -6.6 2.5 2.74 3.07
Z16_26_6 0.281443 5E-05 0.00191 0.02937 2090 0.281367 -2.9 1.6 2.59 2.85
Z16_26_8 0.281375 5E-05 0.00074 0.01182 2090 0.281346 -3.7 1.7 2.6 2.9
Z16_26_10 0.281404 5E-05 0.00321 0.0473 2090 0.281276 -6.2 1.8 2.74 3.05
Z16_26_11 0.281368 5E-05 0.00232 0.0345 2090 0.281276 -6.2 1.9 2.73 3.05
Z16_26_12 0.281477 6E-05 0.00287 0.0556 2090 0.281363 -3.1 2.2 2.61 2.86
Z16_26_13 0.281423 6E-05 0.00141 0.02548 2090 0.281367 -2.9 2.1 2.58 2.85
Z16_26_14 0.281407 7E-05 0.00160 0.02772 2090 0.281343 -3.8 2.5 2.62 2.9
Z16_26_16 0.281417 6E-05 0.00225 0.0357 2090 0.281328 -4.3 2.2 2.65 2.94
Z16_26_18 0.281044 4E-05 0.00311 0.0661 2350 0.280905 -13.3 1.3 3.25 3.67
Z16_26_20 0.281222 4E-05 0.00312 0.0652 2664 0.281063 -0.4 1.5 3 3.15
Z16_26_23 0.28132 5E-05 0.00131 0.02874 2203 0.281265 -3.9 1.7 2.72 3
Z16_27_2 0.281606 8E-05 0.00438 0.0971 2335 0.281411 4.3 2.7 2.53 2.61
Z16_27_3 0.281519 5E-05 0.00454 0.0998 2056 0.281342 -4.6 1.8 2.67 2.93
Z16_27_4 0.281441 5E-05 0.00089 0.0205 2056 0.281406 -2.3 1.7 2.53 2.79
Z16_27_6 0.281511 7E-05 0.00396 0.0874 2056 0.281356 -4.1 2.3 2.64 2.9
Z16_27_9 0.281524 5E-05 0.00099 0.02103 2056 0.281485 0.5 1.8 2.42 2.62
Z16_27_13 0.281461 7E-05 0.00254 0.0548 2172 0.281356 -1.4 2.5 2.61 2.83
Z16_27_16 0.281494 5E-05 0.00381 0.0794 2056 0.281345 -4.5 1.8 2.66 2.92
Z16_27_17 0.281456 5E-05 0.00176 0.04011 2056 0.281387 -3.0 1.7 2.56 2.83
Z16_27_19 0.281605 7E-05 0.00300 0.069 2413 0.281467 8.1 2.5 2.44 2.45
Z16_27_20 0.281627 7E-05 0.00318 0.06576 2056 0.281503 1.1 2.6 2.42 2.59
Z16_27_22 0.281406 5E-05 0.00176 0.0399 3006 0.281305 16.3 1.8 2.63 2.44
Z16_27_25 0.281415 6E-05 0.00419 0.0984 2056 0.281251 -7.8 2 2.8 3.12
Z16_27_27 0.281497 5E-05 0.00191 0.03386 2056 0.281422 -1.7 1.6 2.52 2.76
Z16_27_29 0.2812 4E-05 0.00232 0.0543 2056 0.281109 -12.9 1.5 2.96 3.42
Z16_27_34 0.281466 8E-05 0.00334 0.0621 2056 0.281335 -4.8 2.7 2.66 2.94
Z16_33_22 0.282067 4E-05 0.00136 0.01198 498 0.282054 -14.8 1.4 1.69 2.36
Z16_33_7 0.282016 4E-05 0.00334 0.0372 498 0.281985 -17.2 1.5 1.85 2.51
Z16_33_21 0.282048 4E-05 0.00146 0.01435 498 0.282034 -15.5 1.5 1.72 2.4
Z16_33_24 0.282114 6E-05 0.00509 0.0588 498 0.282067 -14.3 2.2 1.8 2.33
Z16_33_26 0.28192 5E-05 0.00609 0.072 498 0.281863 -21.5 1.9 2.16 2.77
Z16_35_2 0.281478 7E-05 0.00140 0.03194 1881 0.281428 -5.6 2.3 2.51 2.85
Z16_35_3 0.281355 5E-05 0.00179 0.04326 1775 0.281295 -12.8 1.8 2.71 3.2
Z16_35_4 0.28136 5E-05 0.00059 0.015 1598 0.281342 -15.1 1.7 2.62 3.2
Z16_35_5 0.281587 6E-05 0.00171 0.03432 1737 0.281531 -5.3 2 2.38 2.72
Z16_35_6 0.281443 5E-05 0.00279 0.0619 2015 0.281336 -5.8 1.8 2.65 2.96
Z16_35_7 0.281594 7E-05 0.00117 0.02329 1651 0.281558 -6.3 2.3 2.33 2.71
Z16_35_8 0.28142 6E-05 0.00299 0.0632 2080 0.281302 -5.5 2.1 2.7 3
Table S3. Individual zircon Lu-Hf analytical data
Appendix 2 Supplement: Age, origin and palaeogeography of the Southern Irumide Belt, Zambia
-238-
Z16_35_9 0.281491 5E-05 0.00205 0.03637 1787 0.281422 -8.0 1.6 2.53 2.92
Z16_35_10 0.281554 6E-05 0.00223 0.04 1820 0.281477 -5.3 2.2 2.46 2.78
Z16_35_11 0.281433 5E-05 0.00221 0.04 1780 0.281358 -10.4 1.8 2.63 3.06
Z16_35_12 0.28138 7E-05 0.00342 0.0552 2035 0.281248 -8.4 2.4 2.79 3.14
Z16_35_13 0.281372 5E-05 0.00107 0.02098 1621 0.281339 -14.7 1.6 2.63 3.2
Z16_35_16 0.281374 5E-05 0.00284 0.0507 1904 0.281271 -10.6 1.8 2.76 3.17
Z16_35_17 0.281413 4E-05 0.00415 0.06257 1885 0.281265 -11.3 1.4 2.8 3.19
Z16_35_19 0.281348 4E-05 0.00198 0.03582 1673 0.281285 -15.4 1.4 2.73 3.28
Z16_35_20 0.281264 6E-05 0.00205 0.03294 1912 0.28119 -13.3 1.9 2.85 3.34
Z16_35_21 0.281453 6E-05 0.00192 0.02887 1990 0.28138 -4.8 2.1 2.58 2.89
Z16_35_25 0.281468 5E-05 0.00350 0.05566 1798 0.281349 -10.3 1.6 2.67 3.07
Z16_35_26 0.281594 5E-05 0.00375 0.0521 1818 0.281465 -5.7 1.9 2.5 2.81
Z16_35_27 0.281423 5E-05 0.00357 0.0483 1996 0.281288 -7.9 1.8 2.74 3.08
Z16_35_28 0.281372 7E-05 0.00373 0.0434 1829 0.281243 -13.4 2.3 2.83 3.27
Z16_35_29 0.281376 6E-05 0.00318 0.0361 1714 0.281273 -14.9 2.1 2.78 3.28
Z16_35_30 0.281422 5E-05 0.00437 0.0546 1714 0.28128 -14.7 1.6 2.81 3.27
Z16_35_31 0.281557 5E-05 0.00246 0.0352 1858 0.28147 -4.6 1.6 2.47 2.77
Z16_35_32 0.28167 5E-05 0.00670 0.0858 1658 0.28146 -9.6 1.7 2.61 2.92
Z16_35_33 0.281453 7E-05 0.00272 0.03697 1952 0.281352 -6.7 2.4 2.63 2.97
Z16_35_34 0.281495 4E-05 0.00233 0.03123 1847 0.281413 -6.9 1.4 2.55 2.9
Z16_35_35 0.281496 7E-05 0.00192 0.02218 1780 0.281431 -7.8 2.6 2.52 2.91
Z16_35_36 0.281428 6E-05 0.00375 0.0467 2056 0.281281 -6.8 2.2 2.75 3.06
Z16_35_37 0.281446 4E-05 0.00321 0.03755 1582 0.28135 -15.2 1.5 2.68 3.2
Z16_40_2 0.281533 5E-05 0.00191 0.06419 2009 0.28146 -1.5 1.7 2.47 2.71
Z16_40_5 0.281439 5E-05 0.00145 0.05186 2009 0.281384 -4.2 1.6 2.57 2.87
Z16_40_7 0.281412 6E-05 0.00144 0.0413 2009 0.281357 -5.2 2 2.6 2.92
Z16_40_8 0.281457 6E-05 0.00103 0.03842 2009 0.281418 -3.0 2 2.51 2.8
Z16_40_12 0.281454 5E-05 0.00230 0.0853 2009 0.281366 -4.8 1.8 2.6 2.9
Z16_40_14 0.28153 5E-05 0.00160 0.0603 2009 0.281469 -1.2 1.8 2.45 2.69
Z16_40_17 0.281454 5E-05 0.00136 0.052 2009 0.281402 -3.6 1.6 2.54 2.83
Z16_40_23 0.281521 6E-05 0.00132 0.05119 2009 0.281471 -1.1 2.2 2.44 2.68
Z16_40_24 0.281555 4E-05 0.00280 0.1115 2009 0.281448 -1.9 1.3 2.49 2.73
Z16_40_25 0.281548 5E-05 0.00140 0.0524 2009 0.281494 -0.3 1.6 2.41 2.63
Z16_40_27 0.281413 4E-05 0.00098 0.04244 2009 0.281375 -4.5 1.5 2.57 2.88
Z16_40_29 0.281472 5E-05 0.00181 0.0801 2009 0.281403 -3.5 1.8 2.54 2.83
Z16_40_31 0.2814 4E-05 0.00129 0.0551 2009 0.281351 -5.4 1.5 2.61 2.94
Z16_40_37 0.281488 5E-05 0.00157 0.0736 2009 0.281428 -2.6 1.7 2.51 2.77
Z16_40_45 0.281474 6E-05 0.00203 0.0955 2009 0.281397 -3.8 2.1 2.56 2.84
Z16_41_20 0.282213 6E-05 0.00100 0.0525 1040 0.282193 2.4 2.0 1.47 1.71
Z16_41_21 0.282238 7E-05 0.00052 0.02483 1040 0.282228 3.6 2.3 1.41 1.64
Z16_41_23 0.282227 6E-05 0.00053 0.025 1040 0.282217 3.2 2.0 1.43 1.66
Z16_41_24 0.282216 5E-05 0.00055 0.02397 1040 0.282205 2.8 1.6 1.45 1.69
Appendix 2 Supplement: Age, origin and palaeogeography of the Southern Irumide Belt, Zambia
-239-
Z16_41_26 0.282234 6E-05 0.00073 0.0367 1040 0.28222 3.3 2.2 1.43 1.66
Z16_41_27 0.282274 5E-05 0.00059 0.0316 1040 0.282262 4.8 1.7 1.37 1.56
Z16_41_28 0.282219 5E-05 0.00046 0.02287 1040 0.28221 2.9 1.7 1.44 1.68
Z16_41_29 0.282237 5E-05 0.00052 0.0289 1040 0.282227 3.5 1.6 1.42 1.64
Z16_41_30 0.282224 7E-05 0.00036 0.02342 1040 0.282217 3.2 2.6 1.43 1.66
Z16_41_33 0.282276 5E-05 0.00062 0.0419 1040 0.282264 4.9 1.9 1.36 1.56
Z16_41_34 0.282252 5E-05 0.00054 0.03608 1040 0.282241 4.1 1.8 1.40 1.61
Z16_41_35 0.282246 5E-05 0.00059 0.0418 1040 0.282235 3.8 1.8 1.41 1.62
Z16_41_36 0.28226 5E-05 0.00026 0.01818 1040 0.282255 4.5 1.6 1.37 1.58
Z16_41_37 0.28227 6E-05 0.00038 0.02634 1040 0.282263 4.8 2.0 1.36 1.56
Z16_41_38 0.282253 5E-05 0.00032 0.02187 1040 0.282247 4.2 1.6 1.39 1.60
Z16_42_1 0.282199 6E-05 0.00062 0.04557 1039 0.282187 2.1 2.2 1.47 1.73
Z16_42_2 0.282238 5E-05 0.00040 0.02809 1039 0.28223 3.6 1.8 1.41 1.63
Z16_42_3 0.28224 4E-05 0.00038 0.0271 1039 0.282233 3.7 1.5 1.41 1.63
Z16_42_4 0.282203 5E-05 0.00058 0.03837 1039 0.282192 2.3 1.8 1.46 1.72
Z16_42_5 0.282265 7E-05 0.00048 0.03393 1039 0.282256 4.5 2.5 1.37 1.58
Z16_42_6 0.28226 7E-05 0.00058 0.0401 1039 0.282249 4.3 2.5 1.39 1.59
Z16_42_7 0.282247 5E-05 0.00069 0.0462 1039 0.282234 3.8 1.9 1.41 1.63
Z16_42_8 0.282236 6E-05 0.00050 0.03144 1039 0.282226 3.5 2.2 1.42 1.64
Z16_42_9 0.28219 5E-05 0.00033 0.0184 1039 0.282184 2.0 1.8 1.47 1.74
Z16_42_10 0.282241 6E-05 0.00040 0.0264 1039 0.282233 3.7 1.9 1.41 1.63
Z16_42_16 0.282273 5E-05 0.00064 0.0446 1039 0.28226 4.7 1.8 1.37 1.57
Z16_42_18 0.28221 6E-05 0.00040 0.0234 1039 0.282202 2.6 1.9 1.45 1.70
Z16_42_20 0.282248 5E-05 0.00033 0.01756 1039 0.282242 4.0 1.6 1.39 1.61
Z16_42_21 0.282228 4E-05 0.00055 0.0348 1039 0.282217 3.2 1.3 1.43 1.66
Z16_42_23 0.28223 8E-05 0.00067 0.0415 1039 0.282217 3.2 2.7 1.43 1.66




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix 2 Supplement: Age, origin and palaeogeography of the Southern Irumide Belt, Zambia
-315-
Element Z16-33 Z16-50 Z16-51
Major element proportions (wt%)
SiO2 77.37 74.50 73.08
TiO2 0.00 0.21 0.00
Al2O3 12.93 13.80 15.91
Fe2O3T 0.17 1.22 0.01
MnO 0.02 0.02 0.02
MgO 0.05 0.28 0.09
CaO 1.08 0.82 1.29
Na2O 3.76 3.24 4.26
K2O 4.34 5.49 4.99
P2O5 0.03 0.08 0.05
Total 99.75 99.66 99.70
LOI 0.29 0.58 0.52
Trace element concentrations (ppm)*
Rb 112.6 205.1 116.0
Sr 265 481 940
Y <0.5 9.6 <0.5
Zr 15 171` 50
V 4 15 6
Ni <1 <1 2
Cr 13 1 17
Nb <0.5 35.9 <0.5
Ga 27.6 26.2 22.1
Cu 10 43 13
Zn 9 23 8
Co 37 29 24
Ba 502 1388 2984
La 23 67 10
Ce 25 333 8
U <0.5 0.9 0.8
Th 4.2 50.3 <0.5
Sc <1 <1 <1
Pb 26 13 75
Table S5. Whole-rock major and trace element geochemical data for Nyimba-Sinda granite samples.

Appendix 3 
Supplementary material for: On yoderite: Using calculated phase equilibria to 
investigate its rarity in the geological record of whiteschists. Journal of Metamor-
phic Geology, 36(3), 297-314.
Supplement: On yoderite: Using calculated phase equilibria to investigate its rarity 
-318-
Appendix 3
Figure S1. Fully labelled P–T grids calculated for the MASH (red) and MASHO (black) chemical systems. Invariant 
points are marked by circles, univariant reactions are denoted by the lines emanating from each point. Invariant 
points identical to those in Schreyer and Seifert (1969) and Fockenberg and Schreyer (1994) are given the same 
labels as those in their published grids. Points that are unique to our calculated grid are labelled as ‘IPNEW’. The 
invariant point from which both known yoderite forming reactions emanate from, IP3, is shown for both this study 
(~15 kbar and 650 °C) and that by Fockenberg and Schreyer (1994; denoted by black square labelled ‘F&S IP3’). The 
coloured fields behind the calculated grids refer to the different metamorphic facies as shown in Vernon and Clarke 
(2008), where red = granulite, green = amphibolite, blue = blueschist, yellow = eclogite.
Appendix 3 Supplement: On yoderite: Using calculated phase equilibria to investigate its rarity
-319-
Figure S2. Calculated P–XMgO model for the MASHO system at 725 °C, based on the chemistry of the green yo-
derite-bearing pod from the Chewore Hills. The exact compositional range is given in the top left and is in mole%. 
Red horizontal lines in each model denote univariant reactions.
Supplement: On yoderite: Using calculated phase equilibria to investigate its rarity 
-320-
Appendix 3
Figure S3. Calculated P–XSiO2 model for the MASHO system at 725 °C, based on the chemistry of the green yo-
derite-bearing pod from the Chewore Hills. The exact compositional range is given in the top left and is in mole%. 
Red horizontal lines in each model denote univariant reactions.
Appendix 3 Supplement: On yoderite: Using calculated phase equilibria to investigate its rarity
-321-
Figure S4. Calculated P–XAl2O3 model for the MASHO system at 725 °C, based on the chemistry of the green yo-
derite-bearing pod from the Chewore Hills. The exact compositional range is given in the top left and is in mole%. 
Red horizontal lines in each model denote univariant reactions.
Supplement: On yoderite: Using calculated phase equilibria to investigate its rarity 
-322-
Appendix 3
Figure S5. Calculated P–XFe2O3 model for the MASHO system at 725 °C, based on the chemistry of the green yo-
derite-bearing pod from the Chewore Hills. The exact compositional range is given in the top left and is in mole%. 
Red horizontal lines in each model denote univariant reactions.
Appendix 3 Supplement: On yoderite: Using calculated phase equilibria to investigate its rarity
-323-
Figure S6. Calculated P–XH2O model for the MASHO system at 725 °C, based on the chemistry of the green yo-
derite-bearing pod from the Chewore Hills. The exact compositional range is given in the top left and is in mole%. 
Red horizontal lines in each model denote univariant reactions.
Supplement: On yoderite: Using calculated phase equilibria to investigate its rarity 
-324-
Appendix 3
Yoderite a ctivity–composition (a–x) model for use with THERMOCALC.
% =================================================
% -------------------------------------------------
% Yoderite “v4” (in Fe-Mg-Al-Fe3-Si-H)
%
% coded by DEK 4th October 2016
% 
% myod end-member requires ‘make’ facility using the following reaction:
% yoderite + quartz = Tschermaks talc + kyanite.
% yodo end-member requires ‘make’ facility using the following reaction:
% yoderite = Tschermaks talc + kyanite + hematite.
% other two yoderite end-members require ‘make’ facility using the following reaction:
% yoderite + quartz = talc + kyanite + hematite + H2O
% Yoderite sites:
% vi[MgAl3] v[MgAl] v[Al,Fe3+]2 [SiO4]4 O2 (OH)2
% v=trigonal bipyramid
% vi = octahedral site
% in this model assume that some Fe3+ partitions into the Mg-Al vi & v sites
%   M1            B1                 B2
%        Mg  Fe  Al  Fe3   Mg  Fe   Al  Fe3   Al  Fe3
% myod   1   0   3   0     1   0    1   0     2   0    [SiO4]4O2(OH)2
% fyod   0   1   3   0     0   1    1   0     2   0    [SiO4]4O2(OH)2
% yodo   1   0   5/2 1/2   1   0    1/2 1/2   1   1    [SiO4]4O2(OH)2
% fmoy   1   0   3   0     0   1    1   0     2   0    [SiO4]4O2(OH)2
% x = Fe2/(Fe2+Mg)
% f = Fe3/2
% Q = 2(x - xFeM1)  (or xFeB1 - xFeM1)
% -------------------------------------------------
yod 4  1
x(yod)  0.0    
f(yod)  0.3
Q(yod)  0.0   
% -------------------------------------------------
p(myod)  1 1   1  3 -1  x  -1/2 Q  -1 f
p(fyod)  1 1   0  2  1  x  -1/2 Q
              
p(yodo)  1 1   0  1  1  f
Appendix 3 Supplement: On yoderite: Using calculated phase equilibria to investigate its rarity
-325-
p(fmoy)  1 1   0  1  1  Q
% -------------------------------------------------
sf
W(myod,fyod)    10    0   -0.02
W(myod,yodo)    12    0     0   
W(myod,fmoy)     4    0     0
W(fyod,yodo)    16    0     0
W(fyod,fmoy)     4    0     0
W(yodo,fmoy)    12    0     0
% -------------------------------------------------
10
xMgM1    1 2   1  1 -1 x  1  1 -1/8 f
xFeM1    1 2   0  1  1 x  1  1 -1/8 f
xFe3M1   1 1   0  1  1/8 f 
xAlM1    1 1   1  1  -1/8 f  
xMgB1    1 2   1  1 -1 x  1  1 -1/4 f
xFeB1    1 2   0  1  1 x  1  1 -1/4 f
xFe3B1   1 1   0  1  1/4 f
xAlB1    1 1   1  1 -1/4 f
xFe3B2   1 1   0  1  1/2 f
xAlB2    1 1   1  1 -1/2 f
% -------------------------------------------------
myod    1   5   xMgM1 1  xAlM1 3  xMgB1 1  xAlB1 1  xAlB2 2
  check 0  0  0
  make  3   tats 1   ky 2   q -1
  DQF   -20  0  0     
fyod    1   5   xFeM1 1  xAlM1 3  xFeB1 1  xAlB1 1  xAlB2 2
  check 1  0  0
  make  4   fta 2/3   ky 3   H2O 1/3   q -5/3
%  DQF   0  0  0
Supplement: On yoderite: Using calculated phase equilibria to investigate its rarity 
-326-
Appendix 3
yodo    1   8   xMgM1 1  xFe3M1 1/2  xAlM1 5/2  xMgB1 1  xFe3B1 1/2  xAlB1 1/2  xFe3B2 1  
xAlB2 1
  check 0  1  0
  make  3   tats 1   ky 1   hem 1 
  DQF   30  0  0                   
fmoy    1   5   xMgM1 1  xAlM1 3  xFeB1 1  xAlB1 1  xAlB2 2
  check 0.5  0  1
  make  5   ta 1/3   fta 1/3   ky 3   H2O 1/3   q -5/3






Supplementary material for: Identifying the tectono-metamorphic overprints of 
a Gondwana forming collision: a structural and thermobarometric transect of the 
Southern Irumide and Zambezi belts, Zambia. 
Appendix 4 Supplement: Identifying the tectono-metamorphic overprints of a Gondwana forming collision
-330-
Figure S1. Representative cathodoluminescence images of zircons from Munali Hills Granite sample 
Z16-01 and Nega Formation sample Z16-03.


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Z16_01_4 0.281742 0.000057 0.00112 0.03151 1096 0.281719 -13.2 2.0 2.13 2.71
Z16_01_5 0.281865 0.00008 0.00163 0.0334 1096 0.281831 -9.2 2.8 1.98 2.47
Z16_01_7 0.281853 0.000057 0.00081 0.0196 1096 0.281836 -9.0 2.0 1.96 2.46
Z16_01_8 0.281915 0.000055 0.00241 0.0531 1096 0.281865 -8.0 1.9 1.95 2.39
Z16_01_9 0.281761 0.000053 0.00111 0.02593 1096 0.281738 -12.5 1.9 2.10 2.67
Z16_01_15 0.281839 0.000054 0.00110 0.02497 1096 0.281816 -9.7 1.9 1.99 2.50
Z16_01_20 0.281833 0.000061 0.00074 0.01606 1096 0.281818 -9.7 2.1 1.98 2.50
Z16_01_22 0.281853 0.000066 0.00233 0.0459 1096 0.281805 -10.1 2.3 2.04 2.52
Z16_01_23 0.281856 0.000047 0.00112 0.01906 1096 0.281833 -9.2 1.6 1.97 2.46
Z16_01_24 0.281722 0.000045 0.00164 0.02954 1096 0.281688 -14.3 1.6 2.18 2.78
Z16_01_25 0.281795 0.000051 0.00126 0.02352 1096 0.281769 -11.4 1.8 2.06 2.60
Z16_01_26 0.28182 0.000054 0.00131 0.0232 1096 0.281793 -10.6 1.9 2.03 2.55
Z16_01_27 0.281838 0.000047 0.00099 0.01657 1096 0.281818 -9.7 1.6 1.99 2.50
Z16_01_28 0.281814 0.000055 0.00236 0.03407 1096 0.281765 -11.5 1.9 2.09 2.61
Z16_01_29 0.28178 0.000058 0.00216 0.03135 1096 0.281735 -12.6 2.0 2.13 2.67
Z16_03_1 0.282135 0.00004 0.00272 0.03284 1001 0.282084 -2.4 1.4 1.65 1.98
Z16_03_2 0.281894 0.000058 0.00124 0.01478 1044 0.281870 -9.0 2.0 1.92 2.42
Z16_03_3 0.282232 0.000054 0.00246 0.0307 1092 0.282181 3.1 1.9 1.50 1.71
Z16_03_6 0.281956 0.00005 0.00141 0.01814 1112 0.281926 -5.5 1.8 1.84 2.25
Z16_03_8 0.28199 0.000045 0.00215 0.02797 1064 0.281947 -5.8 1.6 1.83 2.24
Z16_03_11 0.282191 0.000053 0.00179 0.02116 1092 0.282154 2.1 1.9 1.53 1.77
Z16_03_12 0.281841 0.000042 0.00268 0.0393 1088 0.281786 -11.0 1.5 2.07 2.57
Z16_03_14 0.282227 0.000059 0.00133 0.01987 1086.7 0.282200 3.6 2.1 1.46 1.67
Z16_03_15 0.281943 0.000094 0.00314 0.03629 990 0.281884 -9.7 3.3 1.95 2.42
Table S3. Individual zircon Lu-Hf analyses.



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A_MAD_0 0.593 0.081 0.075 0.0029 -0.30642 0.0578 0.0085 - -
A_MAD_1 0.604 0.087 0.0759 0.0026 -0.17182 0.0567 0.0079 - -
A_MAD_2 0.617 0.085 0.0774 0.0029 -0.23053 0.058 0.0084 - -
A_MAD_3 0.592 0.093 0.0773 0.0029 -0.25519 0.056 0.0089 - -
A_MAD_4 0.58 0.072 0.0747 0.0026 -0.08188 0.0562 0.0071 - -
A_MAD_5 0.6 0.089 0.0751 0.0028 -0.15886 0.0582 0.0091 - -
A_MAD_6 0.602 0.099 0.0767 0.0026 -0.19461 0.0561 0.0094 - -
A_MAD_7 0.61 0.099 0.0773 0.0028 -0.10853 0.0579 0.0099 - -
A_MAD_8 0.617 0.087 0.0775 0.0033 0.21002 0.0578 0.0079 - -
A_MAD_9 0.61 0.078 0.0769 0.0029 -0.30098 0.0579 0.0079 - -
A_MAD_10 0.608 0.072 0.0767 0.0029 -0.12316 0.0575 0.0072 - -
A_MAD_11 0.62 0.1 0.079 0.0029 -0.00367 0.057 0.0094 - -
A_MAD_12 0.57 0.1 0.0742 0.0025 -0.16625 0.056 0.01 - -
A_MAD_13 0.601 0.092 0.0766 0.003 -0.40104 0.0577 0.0091 - -
A_MAD_14 0.61 0.072 0.0754 0.0028 0.00767 0.059 0.0073 - -
A_MAD_15 0.597 0.079 0.0768 0.0026 -0.2564 0.0567 0.0078 - -
A_MAD_16 0.596 0.084 0.0773 0.0029 0.09181 0.056 0.0079 - -
A_MAD_17 0.589 0.087 0.0748 0.0029 0.10036 0.0567 0.0087 - -
A_McClure_0 5.22 0.27 0.1169 0.0045 0.17024 0.323 0.017 490 30
A_McClure_1 4.73 0.28 0.1179 0.005 0.06269 0.294 0.019 528 39
A_McClure_2 5.45 0.26 0.125 0.0049 0.17979 0.318 0.016 531 34
A_McClure_3 1.791 0.088 0.0937 0.003 -0.01829 0.1388 0.0072 523 21
A_McClure_4 1.733 0.074 0.0927 0.0028 0.10033 0.1351 0.006 520.1 19
A_McClure_5 1.973 0.09 0.0965 0.0034 0.1242 0.1504 0.0077 530 22
A_McClure_6 2.067 0.088 0.0955 0.0032 0.18118 0.1561 0.0067 521 20
A_McClure_7 2.88 0.16 0.1053 0.0043 0.19253 0.199 0.012 541 28
A_McClure_8 2.95 0.15 0.0994 0.0035 0.05339 0.212 0.011 501 25
Durango_0 0.189 0.037 0.00656 0.00062 0.03928 0.244 0.056 33.1 4.8
Durango_1 0.214 0.04 0.00679 0.00052 0.07045 0.242 0.048 33.9 4
Durango_2 0.266 0.043 0.00675 0.00056 0.10224 0.326 0.06 29.7 4.6
Durango_3 0.209 0.039 0.0065 0.00055 -0.17387 0.27 0.064 32 4.9
Durango_4 0.218 0.033 0.00648 0.00049 -0.0201 0.266 0.048 30.8 4
Durango_5 0.236 0.039 0.00645 0.00053 0.10636 0.288 0.052 29.4 3.8
Durango_6 0.248 0.05 0.00633 0.00068 -0.14415 0.324 0.094 28.6 5.8
Durango_7 0.234 0.051 0.00688 0.00066 0.00331 0.289 0.073 31.8 5.7
Durango_8 0.234 0.053 0.00703 0.00066 -0.0466 0.305 0.088 33.1 6.2
Z16-06_0 492 36 4.19 0.35 0.98848 0.839 0.0081 -520 360
Z16-06_1 2100 880 18 7.9 0.98972 0.831 0.0087 -500 1300
Z16-06_2 1120 300 9.44 2.7 0.99016 0.84 0.0054 -690 820
Z16-06_3 112.1 13 0.988 0.12 0.98981 0.8122 0.0075 121 79
Z16-06_4 666 270 5.69 2.4 0.99053 0.8311 0.0053 -290 460
Z16-06_5 153 15 1.38 0.14 0.98818 0.8035 0.0084 280 110
Z16-06_6 698 69 6 0.6 0.96568 0.826 0.0098 -270 1000
Table S5. Individual standard and unknown U-Pb apatite analyses.
Appendix 4 Supplement: Identifying the tectono-metamorphic overprints of a Gondwana forming collision
-351-
Z16-06_7 761 42 6.51 0.39 0.95243 0.837 0.0083 -790 740
Z16-06_8 461 98 4.01 1 0.96392 0.819 0.021 -90 580
Z16-06_9 1315 240 11.28 2.1 0.98717 0.833 0.008 -1560 1.10E+03
Z16-06_10 903 480 7.8 4.2 0.98815 0.8274 0.0062 -200 520
Z16-06_11 1305 61 11.25 0.62 0.9831 0.8306 0.0068 -1700 1.00E+03
Z16-06_12 42.8 3.5 0.395 0.031 0.96075 0.772 0.019 137 64
Z16-06_13 188.2 27 1.692 0.23 0.98663 0.8035 0.0069 300 120
Z16-06_14 732 39 6.27 0.41 0.95791 0.833 0.0079 -610 670
Z16-06_15 514 37 4.55 0.35 0.98286 0.8162 0.0087 270 340
Z16-06_16 282.8 9.6 2.473 0.11 0.95938 0.8174 0.0078 160 210
Z16-06_17 308 30 2.66 0.26 0.85087 0.85 0.048 -1350 890
Z16-06_18 279 19 2.39 0.17 0.83422 0.86 0.065 -500 1500
Z16-06_19 1550 170 13.1 1.5 0.97085 0.836 0.012 -3.10E+03 2.20E+03
Z16-06_20 740 380 6.33 3.4 0.98642 0.825 0.0072 80 710
Z16-06_21 1320 130 10.99 1.2 0.98504 0.846 0.0071 -1.90E+03 1.50E+03
Z16-06_22 574 22 5.08 0.24 0.99245 0.8107 0.003 630 140
Z16-06_23 293 58 2.61 0.51 0.99254 0.81 0.02 160 510
Z16-06_24 293 30 2.59 0.27 0.97938 0.802 0.013 220 260
Z16-06_25 3640 430 31.3 3.8 0.98629 0.838 0.007 -7.10E+03 4.10E+03
Z16-06_26 325 15 2.88 0.15 0.97948 0.8091 0.0075 410 200
Z16-06_27 571 50 5.02 0.47 0.97915 0.809 0.013 130 440
Z16-06_28 457 28 4.03 0.26 0.97272 0.818 0.008 100 400
Z16-06_29 259 35 2.27 0.32 0.98693 0.812 0.0084 290 190
Z16-06_30 223.9 8.1 2.024 0.096 0.95225 0.7956 0.0089 500 180
Z16-06_31 460 55 3.5 0.58 0.9049 0.93 0.17 -3.00E+03 3.80E+03
Z16-06_32 376 17 3.4 0.17 0.96113 0.81 0.0063 440 480
Z16-06_33 2360 280 20.3 2.4 0.98556 0.844 0.0058 -2.70E+03 2.70E+03
Z16-06_34 383 26 3.37 0.25 0.97985 0.809 0.011 320 290
Z16-06_35 149 21 1.34 0.18 0.99827 0.7928 0.0079 325 84
Z16-06_36 505 39 4.37 0.34 0.95832 0.828 0.011 -170 680
Z16-06_37 1650 160 14.4 1.4 0.98358 0.837 0.0079 -4.60E+03 4.00E+03
Z16-06_38 529 18 4.65 0.21 0.93367 0.8143 0.0095 220 430
Z16-09_0 389 38 3.01 0.35 0.92312 0.954 0.038 -2.90E+03 1.60E+03
Z16-09_1 384 44 3.19 0.41 0.93701 0.867 0.03 -900 960
Z16-09_2 314 28 2.59 0.24 0.84492 0.884 0.037 -380 830
Z16-09_3 502 69 4.12 0.61 0.95029 0.889 0.034 -2.50E+03 1.60E+03
Z16-09_4 660 100 5.33 0.79 0.97092 0.893 0.032 -2.00E+03 1.00E+03
Z16-09_5 275 37 2.27 0.26 0.91255 0.862 0.039 -160 720
Z16-09_6 1270 160 15 4.4 0.42475 0.62 0.14 no value NAN
Z16-09_7 572 49 4.55 0.42 0.94574 0.897 0.031 -1.30E+03 1.10E+03
Z16-09_8 414 55 3.48 0.46 0.95964 0.846 0.028 200 1100
Z16-09_9 605 97 5.22 0.94 0.89932 0.9 0.051 -2.50E+03 2.60E+03
Z16-09_10 213 18 1.71 0.18 0.86181 0.904 0.043 -340 460
Z16-09_11 537 65 4.35 0.54 0.86955 0.896 0.042 -1.60E+03 1.50E+03
Z16-09_12 307 65 2.11 0.52 0.86296 0.97 0.075 -2.00E+03 2.10E+03
Z16-09_13 417 54 3.31 0.42 0.95227 0.901 0.055 -830 960
Z16-09_14 161 35 1.33 0.23 0.54904 0.89 0.092 -900 1400
Z16-09_15 158 23 1.37 0.23 0.88069 0.838 0.03 470 410
Z16-09_16 216 19 1.83 0.17 0.71961 0.833 0.045 -130 750
Appendix 4 Supplement: Identifying the tectono-metamorphic overprints of a Gondwana forming collision
-352-
Z16-09_17 235 33 2.06 0.27 0.89813 0.848 0.033 -50 650
Z16-09_18 339 43 2.74 0.36 0.7786 0.875 0.048 -990 1000
Z16-09_19 134.9 17 1.104 0.16 0.82303 0.859 0.043 120 360
Z16-09_20 250 31 1.99 0.25 0.91826 0.884 0.036 -260 830
Z16-09_21 271 45 2.31 0.3 0.90006 0.885 0.071 -400 820
Z16-09_22 351 60 3.13 0.45 0.9393 0.863 0.037 400 650
Z16-09_23 413 56 3.41 0.38 0.90069 0.867 0.04 -500 1000
Z16-09_24 279 47 2.56 0.53 0.65942 0.8 0.09 -1.10E+03 2.60E+03
Z16-09_25 830 67 6.79 0.55 0.97579 0.871 0.026 -400 1400
Z16-09_26 345 47 3.03 0.47 0.89891 0.864 0.033 -700 1200
Z16-09_27 380 29 3.13 0.24 0.9002 0.866 0.034 -480 850
Z16-09_28 750 190 6.3 1.1 0.86761 0.851 0.081 -9.10E+03 9.20E+03
Z16-09_29 600 72 4.96 0.57 0.92407 0.853 0.03 100 1100
Z16-09_30 432 91 3.49 0.75 0.95183 0.893 0.035 -1220 940
Z16-09_31 670 85 5.4 0.74 0.9222 0.875 0.047 660 890
Z16-09_32 590 95 4.9 0.95 0.92991 0.872 0.026 -1.30E+03 1.80E+03
Z16-09_33 1.70E+03 880 12.5 7 0.9939 0.912 0.062 -500 1600
Z16-09_34 358 81 3.22 0.63 0.98071 0.822 0.029 80 860
Z16-09_35 384 38 3.34 0.36 0.96199 0.849 0.031 -70 840
Z16-09_36 195 99 1.71 0.91 0.88462 0.855 0.044 -130 730
Z16-09_38 232 49 1.81 0.31 0.8609 1 0.094 -1.00E+03 1.10E+03
Z16-09_39 332 42 2.84 0.34 0.8659 0.828 0.048 -300 1400
*Denotes error correlation between 206Pb/238U and 207Pb/235U
Appendix 4 Supplement: Identifying the tectono-metamorphic overprints of a Gondwana forming collision
-353-
Figure S2. T-M(O) pseudosection calculated for metapelite sample Z16-06.




































































Table S6. Bulk-rock compositions for modelled samples Z16-09 and Z16-06

Appendix 5 
Supplementary material for: The tectono-thermal evolution of the southern 
Congo margin as deterimined from apatite and muscovite thermochronology.
Appendix 5 Supplement: The tectono-thermal evolution of central Africa
-358-





Z16-17 Felsic Gneiss 15° 32' 17" 29° 41' 09" 2000 to 1000 Ma -
Z16-18 Felsic Gneiss 15° 16' 49" 28° 46' 59" 2000 to 1000 Ma -
Z16-27 Granodiorite 14° 59' 09" 29° 59' 11" 2000 ± 9 Ma Alessio et al. 2019
Z16-23 Metapelite 15° 07' 38" 29° 32' 25"
c . 1800 to 1100 Ma 
(likely)
Alessio et al. 2018
Kacholola Terrane
Z16-52 Felsic Gneiss 14° 53' 24" 30° 36' 09" 2000 to 1000 Ma -
Nyimba Sinda Terrane
Z14-07 Psammite 14° 32' 00" 30° 57' 23"
c. 1000 to 730 Ma 
(likely)
Alessio et al. 2018
Z16-33 Granite 14° 18' 06" 31° 32' 09" c . 500 Ma
Alessio et al. 2019; Johnson et 
al. 2006
Chipata Terrane
Z16-36 Quartzite 13° 59' 38" 32° 08' 04" c . 1500 to 1100 Ma Alessio et al. 2019
Z16-40 Felsic Gneiss 13° 42' 25" 32° 29' 21" 2009 ± 30 Ma Alessio et al. 2019
Z16-41 Charnockite 13° 40' 23" 32° 32' 57" 1040 ± 5 Ma Alessio et al. 2019
Z16-45 Charnockite 13° 52' 53" 32° 32' 22" 1039 ± 6 Ma Alessio et al. 2019
Zambezi Belt, Kafue region
Z16-06 Metapelite 16° 00' 52" 28° 27' 31" c . 1000 to 550 Ma
Alessio et al. (Unpublished); 
Johnson et al. 2007
Z16-01 Granodiorite 15° 54' 03" 28° 11' 59" 1096 ± 11 Ma Alessio et al. (Unpublished)
Table S1. Information for samples analysed in this study.






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix 5 Supplement: The tectono-thermal evolution of central Africa
-388-
Sample Ns Age Age SD Dpar
Z16-01-1.d 69 137.13 20.3 1.15
Z16-01-2.d 31 128.44 28.1 1.19
Z16-01-3.d 45 72.31 12.0 1.34
Z16-01-4.d 24 52.40 11.8 1.03
Z16-01-6.d 16 37.34 9.7 1.28
Z16-01-7.d 42 77.57 50.9 1.14
Z16-01-8.d 5 45.44 22.1 0.89
Z16-01-10.d 12 143.39 49.5 1.28
Z16-01-11.d 27 106.71 21.9 0.95
Z16-01-13.d 30 214.36 43.0 0.65
Z16-01-14.d 82 80.72 11.5 1.26
Z16-01-15.d 39 206.61 36.7 0.95
Z16-01-16.d 58 149.00 22.1 1.32
Z16-01-18.d 29 140.98 28.6 1.04
Z16-01-19.d 31 54.31 11.3 1.17
Z16-01-20.d 25 107.54 43.2 1.1
Z16-01-22.d 12 87.20 26.0 0.95
Z16-01-23.d 11 155.49 48.4 1.27
Z16-01-24.d 4 86.04 44.4 1.09
Z16-01-25.d 16 203.37 54.7 0.57
Z16-01-27.d 16 171.20 45.8 1.03
Z16-01-29.d 33 190.58 38.0 1.19
Z16-01-30.d 7 238.21 92.8 1.28
Z16-01-31.d 67 83.04 12.6 1.39
Z16-01-32.d 36 173.96 31.9 0.96
Z16-01-33.d 9 131.87 47.4 1.04
Z16-17-01.d 143 99.24 11.1 1.27
Z16-17-02.d 55 87.02 14.1 1.39
Z16-17-03.d 146 115.80 14.6 1.28
Z16-17-04.d 101 102.56 12.9 1.31
Z16-17-05.d 55 134.65 20.4 1.13
Z16-17-07.d 62 106.18 15.8 1.39
Z16-17-08.d 122 103.12 13.2 1.34
Z16-17-09.d 98 256.38 32.3 1.11
Z16-17-11.d 121 93.95 11.5 1.19
Z16-17-12.d 109 111.51 15.3 1.25
Z16-17-13.d 55 162.08 24.7 1.14
Z16-17-15.d 110 60.97 8.0 1.4
Z16-17-16.d 163 119.41 14.2 1.39
Z16-17-17.d 86 81.85 11.2 1.21
Z16-17-18.d 72 87.68 12.4 1.64
Z16-17-19.d 76 207.20 29.8 1.25
Z16-17-20.d 40 114.65 20.0 0.98
Z16-17-21.d 50 82.92 14.0 1.03
Z16-17-22.d 95 80.59 10.7 1.13
Z16-17-23.d 106 118.21 14.8 1.33
Z16-17-24.d 60 100.28 15.0 1.27
Z16-17-25.d 69 107.57 15.9 1.18
Z16-17-28.d 41 87.69 15.2 1.69
Table S7. Apatite fission track age data used for QTQt temperature-time modelling.
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Z16-17-29.d 92 87.03 11.4 1.19
Z16-17-30.d 117 158.59 19.8 1.36
Z16-17-31.d 118 136.48 16.0 1.42
Z16-17-32.d 70 102.68 14.7 1.19
Z16-17-33.d 162 75.05 8.4 1.21
Z16-17-34.d 149 93.88 10.6 1.3
Z16-17-35.d 89 138.11 18.3 1.38
Z16-17-36.d 76 62.57 8.9 1.17
Z16-17-37.d 67 122.50 18.0 1.21
Z16-17-38.d 55 90.71 14.0 1.24
Z16-17-40.d 124 79.36 9.5 1.39
Z16-27-1.d 39 227.73 41.2 1.35
Z16-27-2.d 65 249.12 36.7 1.69
Z16-27-5.d 59 218.74 32.9 1.3
Z16-27-6.d 60 245.14 37.6 1.31
Z16-27-7.d 69 322.46 46.9 1.27
Z16-27-9.d 58 216.88 32.8 1.31
Z16-27-10.d 32 191.22 37.8 1.26
Z16-27-11.d 47 177.19 28.9 1.22
Z16-27-12.d 44 180.98 31.1 1.27
Z16-27-13.d 43 256.46 43.9 1.08
Z16-27-14.d 68 270.24 39.5 1.34
Z16-27-15.d 36 124.67 23.2 1.19
Z16-27-16.d 29 233.99 47.2 1.21
Z16-27-17.d 64 218.78 32.0 1.38
Z16-27-18.d 56 261.06 42.1 1.94
Z16-27-19.d 61 288.60 46.4 1.23
Z16-27-20.d 54 142.05 21.9 1.25
Z16-27-21.d 39 241.33 43.3 1.38
Z16-27-22.d 43 132.60 23.1 1.21
Z16-27-23.d 47 234.41 41.5 1.26
Z16-27-24.d 27 203.12 49.1 1.79
Z16-27-25.d 54 212.11 33.2 1.36
Z16-27-26.d 37 183.67 33.3 1.35
Z16-27-27.d 57 172.51 26.9 1.25
Z16-27-28.d 19 97.27 23.8 1.28
Z16-27-29.d 57 170.96 26.4 1.37
Z16-27-31.d 62 108.82 16.2 1.14
Z16-27-32.d 54 211.19 33.2 1.26
Z16-27-34.d 90 266.88 34.4 1.46
Z16-27-35.d 40 184.02 32.3 1.34
Z16-27-36.d 51 140.11 21.8 1.3
Z16-27-37.d 28 229.19 48.9 1.22
Z16-27-38.d 19 255.58 61.6 1.75
Z16-27-39.d 62 142.95 22.5 1.4
Z16-27-40.d 51 103.73 17.2 1.31
Z16-33-1.d 167 234.10 31.4 1.43
Z16-33-2.d 142 245.04 34.2 1.41
Z16-33-3.d 159 267.53 34.4 1.54
Z16-33-4.d 167 253.82 30.4 1.57
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Z16-33-5.d 120 262.39 39.5 1.52
Z16-33-7.d 133 172.46 20.7 1.46
Z16-33-8.d 153 205.08 24.2 1.42
Z16-33-9.d 136 216.56 28.0 1.36
Z16-33-10.d 92 186.71 28.0 1.52
Z16-33-11.d 177 244.50 30.6 1.61
Z16-33-13.d 157 163.32 21.8 1.57
Z16-33-14.d 162 256.34 35.5 1.5
Z16-33-15.d 128 150.37 21.4 1.59
Z16-33-17.d 101 171.65 23.8 1.21
Z16-33-18.d 83 149.32 22.5 1.5
Z16-40-1.d 36 369.69 68.3 1.33
Z16-40-2.d 23 397.50 89.9 1.67
Z16-40-3.d 61 259.98 39.1 1.58
Z16-40-4.d 57 371.44 58.9 1.73
Z16-40-5.d 47 342.31 58.3 1.29
Z16-40-6.d 73 256.02 40.3 1.32
Z16-40-7.d 14 209.28 58.4 1.4
Z16-40-10.d 38 320.91 57.3 1.33
Z16-40-12.d 41 305.30 54.0 1.43
Z16-40-13.d 27 549.1 115.9 1.38
Z16-40-14.d 11 202.7 74.8 1.44
Z16-40-16.d 56 369.6 58.5 1.48
Z16-40-17.d 30 293.4 58.0 1.37
Z16-40-18.d 60 366.5 55.6 1.43
Z16-40-20.d 47 385.5 63.1 1.42
Z16-40-22.d 27 350.2 73.3 1.4
Z16-40-23.d 49 341.8 55.2 1.22
Z16-40-24.d 66 248.0 41.4 1.41
Z16-40-25.d 61 357.4 55.1 1.37
Z16-40-26.d 54 442.6 70.6 1.62
Z16-40-27.d 60 481.6 72.8 1.52
Z16-40-28.d 14 212.0 59.1 1.42
Z16-41-1.d 44 234.9 40.3 1.03
Z16-41-2.d 20 374.9 90.1 1.05
Z16-41-3.d 7 350.7 178.0 1.09
Z16-41-4.d 12 245.9 76.2 0.92
Z16-41-6.d 14 178.3 50.1 1.14
Z16-41-8.d 11 616.7 197.2 1.24
Z16-41-10.d 23 448.9 100.7 1.23
Z16-41-11.d 16 283.8 74.5 1.15
Z16-41-14.d 13 243.9 70.7 1.02
Z16-41-18.d 25 319.2 69.0 1.22
Z16-41-19.d 15 575.4 162.2 1.37
Z16-41-20.d 14 309.4 88.1 1.13
Z16-41-21.d 11 360.6 112.6 1.31
Z16-41-22.d 14 497.3 159.0 2.82
Z16-41-23.d 5 289.9 131.7 0.83
Z16-41-24.d 21 334.7 77.6 1.33
Z16-41-25.d 8 203.1 73.7 0.9
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Z16-41-29.d 18 312.6 77.2 1.23
Z16-41-30.d 6 293.9 122.5 1.51
Z16-41-31.d 40 477.8 97.0 1.42
Z16-41-33.d 8 267.4 97.5 1.02
Z16-41-34.d 5 212.4 96.6 0.94
Z16-41-35.d 8 149.3 54.2 1.01
Z16-45-1.d 17 402.8 109.5 0.91
Z16-45-2.d 11 341.5 121.1 1.55
Z16-45-3.d 10 620.0 203.8 1.33
Z16-45-4.d 13 405.6 117.3 1.29
Z16-45-5.d 15 212.8 58.5 0.9
Z16-45-6.d 24 338.4 76.8 1.38
Z16-45-9.d 10 392.2 128.5 1.11
Z16-45-10.d 26 506.0 107.1 1.37
Z16-45-11.d 25 351.9 76.7 1.48
Z16-45-13.d 31 580.1 117.8 1.15
Z16-45-14.d 44 622.8 111.0 1.35
Z16-45-15.d 73 600.3 94.3 1.47
Z16-45-16.d 22 397.0 91.3 1.11
Z16-45-18.d 10 321.9 106.1 1.04
Z16-45-19.d 21 573.3 136.2 1.15
Z16-45-20.d 26 395.4 87.0 1.2
Z16-45-21.d 30 290.6 63.8 1.16
Z16-45-22.d 31 526.7 108.3 0.77
Z16-45-23.d 16 377.9 152.0 1.35
Z16-45-25.d 14 630.0 178.1 0.9
Z16-45-27.d 16 206.5 55.0 1.56
Z16-45-28.d 8 207.7 75.3 0.85
Z16-45-29.d 29 588.1 118.5 1.41
Z16-45-30.d 72 709.3 147.2 1.22
Z16-45-31.d 37 617.2 124.7 1.07
Z16-45-32.d 22 374.9 84.9 1.68
Z16-45-35.d 58 491.2 75.8 1.14
Z16-45-37.d 30 565.2 113.5 1.17
Z16-52-1.d 27 146.8 30.3 1.33
Z16-52-10.d 31 140.6 27.8 0.99
Z16-52-11.d 50 88.0 14.2 1.33
Z16-52-12.d 32 104.3 20.3 1.44
Z16-52-14.d 40 130.1 22.8 1.12
Z16-52-15.d 29 137.9 27.5 1.25
Z16-52-16.d 29 120.0 24.1 1.31
Z16-52-17.d 12 67.1 20.0 0.93
Z16-52-18.d 87 130.5 18.0 1.08
Z16-52-19.d 10 115.4 37.8 1.09
Z16-52-2.d 17 130.2 33.1 1.38
Z16-52-20.d 12 54.3 16.2 1.16
Z16-52-21.d 17 106.2 27.4 0.8
Z16-52-22.d 19 145.6 35.1 1.31
Z16-52-23.d 15 127.6 34.3 1.23
Z16-52-24.d 15 127.5 34.2 1.09
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Z16-52-25.d 32 120.3 23.2 1.12
Z16-52-26.d 31 97.4 19.2 1.23
Z16-52-27.d 18 130.5 32.7 1.17
Z16-52-28.d 46 130.1 21.5 1.24
Z16-52-29.d 22 106.8 24.4 1.11
Z16-52-3.d 13 86.5 24.9 1.06
Z16-52-30.d 25 124.4 26.7 1.13
Z16-52-31.d 7 152.3 59.7 1
Z16-52-4.d 15 61.6 16.6 1.01
Z16-52-5.d 22 139.0 31.3 0.96
Z16-52-7.d 26 92.5 19.4 0.97
Z16-52-8.d 5 98.2 44.9 1.27
Z16-52-9.d 18 141.1 35.1 1.25
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Confined tracks obtained via Cf irradiation
























Table S8. Apatite fission track length data used for QTQt temperature-time modelling.














































































































































































































Length Angle Caxis Dpar
Z16-40




































































Confined tracks obtained via Cf irradiation









































































Confined tracks obtained via Cf irradiation





















































































Confined tracks obtained via Cf irradiation
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10.58 19.40 1.64
11.12 17.09 1.64
11.78 84.68 1.15
13.18 38.04 1.15
10.12 45.72 1.02
11.54 76.09 1.02
11.91 54.28 1.14
13.53 70.97 1.14
13.97 44.97 1.14
12.67 46.87 0.80
11.53 50.99 1.09
10.18 21.71 1.22
11.59 61.38 1.22
10.09 85.32 1.14
11.21 31.92 1.06
11.68 16.35 1.06
12.22 45.42 1.17
11.93 43.90 1.17
14.89 69.06 1.17
12.88 29.26 1.17
13.64 61.67 0.94
11.70 35.51 0.94
10.95 21.94 0.91
13.41 26.50 0.91
11.74 26.91 1.07
10.50 21.62 1.07
12.02 53.95 1.12
10.52 39.27 1.12
13.34 67.55 1.12
11.55 52.49 1.12
11.72 38.84 1.12
14.12 24.87 1.12
11.36 32.72 1.12
12.96 23.83 1.00
11.81 68.88 1.00
10.17 48.58 1.00
10.01 27.04 0.98
11.88 70.38 0.98
